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View from Blue Lake toward the Tongariro Crossing. In order from front to back: Red Crater; Ngauruhoe; and Mt. 
Ruapehu. Although the samples in this study were not collected from Mt. Ngauruhoe or Red Crater, this image 
provides another example of hydrothermal features and their resulting alteration (see near side of Red Crater). Photo 
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Abstract 
Magmatic intrusions are common to volcanoes worldwide. The emplacement of these intrusions disturbs 
the temperature and pressure conditions within the volcano and presents a potential heat source to develop 
and drive a hydrothermal system. Consequently, magmatic intrusions change the volume, topography, and 
properties of the volcano. In this thesis, I investigate the physical and mechanical effects a small shallow 
intrusion produces in its andesitic host rock. 
The thesis opens with a preliminary study (Chapter 2) in which I thermally stress andesitic samples to 
demonstrate the geomechanical effects a rapidly emplaced and cooled magma body would have in 
hydrothermally altered andesitic lavas. Then, the thesis focuses the investigation (Chapters 3, 4, 5, and 6) 
to the primary field area, Pinnacle Ridge, Mt. Ruapehu, New Zealand, where a glacially dissected fossil 
hydrothermal system serves as a natural laboratory for studying the effects of an intrusion on the physical 
and mechanical rock properties of an andesitic host rock.  
The opening study (Chapter 2) of this thesis considers the effects thermal stresses have on hydrothermally 
altered andesite from the Rotokawa Geothermal Field. The experiments demonstrate that short-duration 
thermal exposure (350 – 739 °C) in 20 MPa of H2Ofluid/vapour can increase permeability by over an order of 
magnitude (10-18 m2 to > 10-17 m2) as a result of an increase in porosity (< 1 % – > 7 %) driven by both chemical 
reaction and microfracturing. These results imply that intrusions may increase the porosity and 
permeability in the host rocks proximal to their emplacement, serving as targets for geothermal exploration. 
Pinnacle Ridge is composed of several distinct geotechnical units surrounding small, irregularly shaped 
intrusions. I collected samples from the differing geotechnical units at varying distances to the largest 
intrusion (Chapter 3). Intact rock testing reveals the physical and mechanical (i.e. petrophysical and 
geomechanical) rock properties of one geotechnical unit, the brecciated lava margins, correlate with 
distance to the largest intrusion. Porosity and permeability of the brecciated lava margins decrease while 
strength increases approaching the intrusion. The study also finds a previously unclassified geotechnical 
unit (i.e. hydrothermal vein) for which I argue its own geotechnical classification on the grounds of its 
unique combination of low permeability and low uniaxial compressive strength. 
The intact rock characterization from Pinnacle Ridge revealed a unique sample block with two distinct 
types of alteration (intermediate and advanced argillic). In Chapter 4, triaxial deformation testing of cores 
from this sample reveal that the alteration type changes the deformation mode (brittle to ductile) of andesite 
at low effective confining pressures (~10 MPa). The change in deformation behaviour is the result of 
xiii 
advanced argillic alteration increasing the porosity through dissolution and partially replacing the primary 
mineral assemblage with weaker more ductile clay (i.e. kaolinite and smectite). I argue that this transition 
could explain the absence of volcano tectonic earthquakes at certain depths prior to volcanic eruptions.  
When investigating the physical and mechanical effects of magmatic intrusion emplacement, scale requires 
consideration. In Chapter 5, I present my field observations from Pinnacle Ridge and consider them in 
conjunction with the lab data presented in Chapter 3. In general, discontinuities in altered rock masses are 
more abundant and have smoother surfaces than in unaltered rock masses. Numerical modeling 
demonstrates that the dichotomy between the discontinuity properties of the unaltered and altered rock 
masses creates the potential for altered brecciated lava margins to be weaker than unaltered brecciated lava 
margins despite the higher intact rock porosity and lower intact rock strength of the latter.  
The numerical modeling in Chapter 5 demonstrates that outcrop scale properties must be measured in 
tandem with intact rock properties when considering rock mass strength. However, the modeling 
presented in Chapter 5 relied upon rock parameter assumptions for generic andesite, because the 
specialized data for altered andesite did not exist. In Chapter 6, I conduct triaxial deformation testing for 
all the geotechnical units of Pinnacle Ridge to complete the first full set of Generalised Hoek-Brown failure 
criterion parameters for an intrusion and its altered host rock. Using these data, I numerically model 
volcano stability with varying pore pressures within the geotechnical units. In doing so, I demonstrate that 
hydrothermal vein material is the weakest rock mass in the fossil hydrothermal system at Pinnacle Ridge. 
These results have implications for the importance of modelling even thin geotechnical units such as the 
hydrothermal vein when considering volcano stability. 
In summary, I use a combination of lab- and field-based rock property testing, and finite element numerical 
modelling to examine the full physical and mechanical effects intrusions produce in volcanic host rock. I 
show that the effects of intrusions in volcanic (andesitic) rock varies with time (Chapter 2 versus Chapter 
3), distance (Chapter 3), and scale (Chapter 3 versus Chapter 5; Chapter 6) as well as the environmental 
conditions (e.g. effective confining pressure) of the host rock (Chapters 3 and 6) and alteration type of the 
host rock (Chapter 4). Given the global and ubiquitous distribution of magmatic intrusions, these results 
have profound worldwide implications for the geothermal power industry (Chapters 2, 3, and 5), volcano 
monitoring (Chapters 4, 5, and 6), and volcano slope stability (Chapters 2, 3, 4, 5, and 6).
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Chapter 1 
Introduction 
1.1 Research background, intentions, and context 
Volcanic edifices host a wide array of materials with varied and heterogenous material properties (e.g. 
Apuani et al., 2005; Moon et al., 2005; del Potro & Hürlimann, 2008; Adam & Otheim, 2013; Kanakiya et al., 
2017; Ryan et al., 2018). Most of these materials are deposited on the flanks of the edifice (e.g. dense lavas, 
breccias, ash deposits). Magmatic intrusions emplaced into the subsurface also increase the complexity of 
the material properties of a volcanic edifice (Sigurdsson et al., 2000; and references therein). 
Magmatic intrusions have varied morphologies and material properties. They can be planar (e.g. 
sills and dikes), or equant (i.e. stocky), but can also be more amorphous (Vigneresse et al., 1999; Valentine 
& Krogh, 2006; Keating et al., 2007). Intrusive events occur in compressional and extensional environments, 
and the pressures intrusive magma exerts on its surrounding environment produces compressional and 
tensile stresses under near-surface conditions (Lipman, 2000; Galland et al., 2003; Casey et al., 2006; Galland 
et al., 2009).  
Depending on several parameters (e.g. volume, magma flux, initial emplacement temperature, 
initial host-rock temperature, magma composition, local hydrology) an intrusion may remain sufficiently 
hot long enough to host a hydrothermal system (e.g. Cathles et al., 1997). Consequently, hydrothermal 
alteration, the interaction of hot, ion-rich fluids and rock, can lead to dissolution, deposition, and secondary 
mineralization, around the intruding magma. (e.g. Frank, 1995; Finizola et al., 2002; Hurwitz et al., 2002; 
Hase et al., 2005; Pola et al., 2012; Pola et al., 2014). Therefore, intrusions present the potential to increase 
the material complexity of its volcanic host not simply by introducing itself as a new material but also 
through alteration of the existing material(s). 
Magmatic intrusions and/or their accompanying hydrothermal systems can be located by several 
indirect methods (e.g. seismicity (e.g. Planke, 1999), electrical resistivity (e.g. Ogawa et al., 1998), ground 
penetrating radar (e.g. Davis and Annan, 1989) and ground magnetics (e.g. Davis and Annan, 1989)). 
Existing research describes environmental conditions (e.g. lithostatic pressure, pore pressure, and 
temperature; e.g. Browne, 1978; Giggenbach & Sheppard, 1989; Day, 1996) and provides some details of the 
physical and mechanical properties (e.g. porosity, permeability, P- and S-wave velocity, strength; e.g. 
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Browne, 1978; Pola et al., 2014; Siratovich et al., 2014) of rocks from hydrothermal systems. However, direct 
observation of active geothermal system and geospatial distribution of the structure and geomechanical 
properties is limited to drill core samples (e.g. Wyering et al., 2014), or surface temperature and 
geochemistry (e.g. Rissmann et al., 2011) which do not provide sufficient resolution to firmly understand 
the local geological complexities with respect to the intrusive body. 
1.2 Thesis intent and format 
This thesis describes the effects, consequences, and implications a magmatic heat source and its 
corresponding hydrothermal alteration produce in the physical and mechanical properties of volcanic host 
rock. The initial study of this thesis (Chapter 2) begins by investigating the effect high-temperature, low-
gradient thermal stress produces in hydrothermally altered rock from the Rotokawa Geothermal Field. The 
results of this study then allow an informed approach to a sub-aerially exposed fossil geothermal system 
in Pinnacle Ridge, Mt. Ruapehu (New Zealand) in Chapters 3 – 6. Then, the key topics are summarized in 
Chapter 7 followed by their general implications and related research ideas stemming from the work done 
in this thesis. 
The thesis is predominantly composed of published papers (Chapter 3 and 5) or manuscripts 
prepared for publication (Chapters 2, 4, 6) in international peer-reviewed journals. Some sections of these 
chapters contain repetition of core concepts and previous research. This repetition is intended to allow each 
chapter to serve as an independent manuscript that provides the readers with sufficient context to 
understand the material presented. Similarly, the references specific to each chapter are provided at the 
end of each chapter rather than a single, comprehensive reference list following the main body of the thesis. 
Doing so provides the reader with easy reference to the cited materials. Although each chapter is self-
contained, all chapters share the common theme of understanding how a shallow magmatic heat source 
can change the physical and mechanical properties of its volcanic host rock. Consequently, each subsequent 
chapter directly and indirectly builds from the last and contributes to our knowledge of geomechanical 
properties in a volcanic domain. 
1.3 Scientific context 
This section provides a background review for the topics presented and discussed in this thesis. 
Specifically, the principal components of a hydrothermal system are introduced and the key geomechanical 
properties are discussed. A complete literature review is not provided here because each chapter serves as 
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a stand-alone publishable article complete with its own specific literature review. Instead, this section 
serves as a foundation to understand the knowledge gaps addressed in this thesis. 
Hydrothermal systems are diversely varied structures, but can be divided into their commonly 
shared constituent components (i.e. fluid, heat source, permeable pathways, and caprock; Corrado et al., 
2014). Fluid comes from meteoric groundwater (e.g. Nemčok et al., 2007) and magmatic volatiles (e.g. Rye, 
1993). Magma often provides the necessary heat, which leads to the fluid convection through a combination 
of the intact rock matrix and discontinuities (e.g. fractures, joints, faults; Rowland & Sibson, 2004; Kissling 
& Weir, 2005; Rissmann et al., 2011). However, several processes can change the permeability and other 
geomechanical properties of the rock within a hydrothermal system (e.g. dissolution, precipitation, 
fracturing; e.g. Ferry, 1979; Giggenbach, 1984; Henneberger & Browne, 1988; Esmaeily et al., 2012). The 
manner and degree to which geomechanical properties are affected appears to be a product of alteration 
conditions to which a rock is exposed. For example, Rejeki et al. (2005) found illite-rich samples from the 
Darajat Geothermal Field, West Java, Indonesia to have lower porosity and higher density than samples 
abundant with smectitic clays. Wyering et al. (2014) observed that samples from the shallow and low-
temperature (< 150 °C) regions had higher porosity (15 – 56 %) and lower density (1222 – 2114 kg/m3) than 
the samples from a deeper and high-temperature (> 200 °C) regions (1.5 – 20 % and 2072 – 2837 kg/m3, 
respectively). These studies demonstrate that the processes that affect geomechanical properties are 
governed in part by the alteration zone in which the rock resides but modified by the local fluid and rock 
chemistry. 
Conventional hydrothermal systems are divided into three zones of alteration (smectitic, argillic, 
and propylitic) that are primarily dependent on mineralogical assemblage and, thereby, temperature 
(Carranza, 2005; Stimac et al., 2008; Cumming, 2009; Esmaeily et al., 2012; Wyering et al., 2014). Smectitic 
alteration forms under low temperatures and is predominated by smectite clay. Argillic alteration forms 
under low to moderate temperatures and contains abundant illite and other low- to moderate-temperature 
minerals (Carranza, 2005; Lutz et al., 2010; Pola et al., 2012). Argillic alteration can then be further divided 
into low-sulfidation states (argillic alteration) and high-sulfidation states (advanced argillic alteration; 
Henley & Ellis, 1983). Propylitic alteration forms under the highest temperatures and produces chlorite, 
epidote, and quartz with some calcite and albite (Browne, 1978; Carranza, 2005). This thesis includes 
hydrothermally altered rocks from two hydrothermal systems, and details observations of hydrothermally 
altered rock from propylitic (Chapter 2) and advanced argillic (Chapters 3 – 6) alteration zones. 
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1.4 Study area and previous work 
The two hydrothermal systems on which this thesis focuses are located within the Taupo Volcanic Zone 
(TVZ), North Island, New Zealand (Fig. 1.1). The 300-km-by-60-km TVZ, delineated by geothermal fields, 
hydrothermal vents, and active calderas (Wilson et al., 1995; Rowland & Sibson, 2001), is a rifted arc basin 
produced by the oblique subduction of the Pacific plate beneath the Indian-Australian plate below New 
Zealand’s North Island (Cole, 1990). The geothermal systems of the TVZ convect groundwater through 
fractures, faults, and pores,  with convection driven by the heat of magmatic systems at depth (Henneberger 
& Browne, 1988; Hochstein, 1995; Rowland & Sibson, 2004; Rowland & Simmons, 2012), creating 
hydrothermal systems in the shallow subsurface of the TVZ (e.g. Christenson et al., 2002). 
This study focuses on two centers of hydrothermal alteration in the TVZ, the Rotokawa Geothermal 
Field and Pinnacle Ridge, Mt. Ruapehu. The Rotokawa Geothermal field is a large industrial complex 
located 14 km NE of Lake Taupo. At 1.5 – 2.5 km depth in the TVZ (Fig. 1.1), the Rotokawa andesite serves 
as the primary reservoir rock of the Rotokawa Geothermal Field. The lavas have undergone extensive 
hydrothermal alteration to argillic – propylitic assemblages (Crowley & Zimbelman, 1997; Rae, 2007) in a 
high-enthalpy hydrothermal system starting around ~0.34 Ma (Chambefort et al., 2014; McNamara et al., 
2016). A shallow intrusion was intersected in the neighboring Ngatamariki geothermal field at 2.2 km depth 
(see Chambefort et al., 2014), indicating that these rocks can be affected by shallow intrusions. The 
experiments in Chapter 2 thermally stress samples from the Rotokawa Geothermal Field to examine the 
effects of the increased temperature during intrusion on porosity, permeability, P-wave velocity, and 
strength. 
After observing the effects of different maximum temperatures on hydrothermally altered volcanic 
rock, the thesis turns its focus toward Pinnacle Ridge, Mt. Ruapehu. Mt. Ruapehu is a predominantly 
andesitic stratovolcano located at the southern end of the TVZ. Pinnacle Ridge extends northwest from the 
summit plateau of Mt. Ruapehu. Pinnacle Ridge, where a fossil hydrothermal system is sub-aerially 
exposed, provides a unique opportunity to observe how magmatic intrusions affect the physical and 
mechanical properties of their host rock. 
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Figure 1.1 Primary site locations specific to the research presented in this thesis. (a) Sites of the two 
hydrothermal systems in New Zealand discussed in this thesis. (b) Sites specific to Chapters 3 – 6 at 
Pinnacle Ridge. Solid black polygon marks boundary of the largest young intrusion. Scale is approximate. 
Pinnacle Ridge rocks are of the Te Herenga Formation (~170 ka), the oldest formation of Mt. 
Ruapehu. The central portion of the ridge is a nearly vertical sequence of lava flows composed of 
plagioclase- and pyroxene-phyric andesite and basaltic andesite lavas and subsequent intrusions of similar 
composition exposed by 10 ka glaciation (Hackett, 1985; Price et al., 2012). An orange, 400 m-wide alteration 
halo surrounds the largest intrusion (130 m-wide; Hackett, 1985). Using field observations (e.g. hypabyssal 
textures of the intrusives, brittle deformation of the tuff breccias, and deposition of silica and kaolinite 
around the aureole edge), Hackett (1985) interpreted that the hydrothermal alteration occurred under near-
surface, epithermal conditions (approximately 50 – 500 m below the surface). Chapters 3-6 undertake a 
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detailed engineering geology appraisal of the rock mass, and rock mechanical analysis of the material 
properties of the rocks that comprise the ridge. 
1.4.1 Rock properties critical to this research 
All the studies presented in this thesis address the mechanical and physical properties common to rock 
mechanics. In this section, we present the rock properties (e.g. porosity, uniaxial compressive strength, 
triaxial deformation, permeability, and elastic wave velocity [e.g. p-wave velocity, and s-wave velocity]) 
discussed at length throughout this thesis. For more complete description of these properties and the 
related methods, refer to the corresponding Methods section for each of the studies within this thesis. 
1.4.1.1 Porosity 
Porosity is the void space within a rock (see Deuchar, 1823). Porosity and the microstructure governing 
porosity act as first-order controls on other rock properties (e.g. deformation behaviour (e.g. Bal'shin, 1949; 
Walsh, 1965b; Dunn et al., 1973), permeability (e.g. Fraser, 1935; Lacabanne, 1960), elastic wave velocity 
(e.g. Rubey, 1927; Wyllie et al., 1956; Balakshrina, 1957; Wyllie et al., 1958; Walsh, 1965a)). In 
hydrothermally altered volcanics, porosity is composed of vesicles and fractures. Understanding how 
porosity responds to external forces (e.g. stress and alteration) aids in understanding how the other rock 
properties respond to external forces. 
1.4.1.2 Compressive strength and deformation 
Rock strength is dependent on several mechanical properties (e.g. Griffith, 1921; Bal'shin, 1949; Heard, 
1960); however, porosity exerts the greatest control. It is well documented that as porosity increases, 
uniaxial compressive strength decreases (e.g. Rozos & Koukis, 1986; Ulusay et al., 1994; Palchik, 1999); 
however, alteration can have variable effects on uniaxial compressive rock strength (see Wyering et al., 
2015). There has yet to be a study detailing the changes in rock strength geospatially with an intrusive 
magma body. 
While rock strength correlates with confining pressures (Hoek, 1968; Hoek & Brown, 1980), 
porosity also controls triaxial deformation behaviour. As porosity increases, compressibility increases 
(Knudsen et al., 1960; Lama & Vutukuri, 1978). Depending on the porosity of a rock and the confining 
pressure to which that rock is exposed, dilatant or compactant deformation behaviour will be exhibited 
(e.g. Böker, 1915; Brace, 1964; Brace et al., 1966). Dilation deformation is the increase in porosity under 
strain and compactant deformation is the decrease of porosity under strain. Under low-effective pressure 
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conditions, rocks dilatantly fail (e.g. axial splitting and shear failure) regardless of rock porosity (e.g. 
Faulkner, 2006). Under high-effective pressures, low-porosity rocks still fail dilatantly, but high-porosity 
rocks experience compaction through cataclastic pore collapse and grain crushing (e.g. Kennedy et al., 2009; 
Zhu et al., 2011; Loaiza et al., 2012; Wong & Baud, 2012; Adelinet et al., 2013; Heap et al., 2014a; Heap et al., 
2015b). For example, an aphanitic basalt (8 % porosity) from Reykjanes (Iceland) and a Mt. St. Helens dacite 
(8 % porosity) both began expressing compactant behaviour at 75 MPa (Kennedy et al., 2009; Adelinet et 
al., 2013). Similarly, an aphanitic trach andesite (18 % porosity) from the Açores (Portugal) began to 
experience compactant failure as effective pressure exceeded 90 MPa (Loaiza et al., 2012). Siratovich et al. 
(2016) found Rotokawa andesites of 7 – 18 % expressed compactant deformation at high effective pressures 
(70 – 90MPa); however, the effects of mineralogical alteration on dilatant and compactant behaviour in a 
geothermal setting has yet to be studied thoroughly. 
1.4.1.3 Permeability 
Permeability is the measure of a material to transmit fluid. Microstructure, specifically pore connectivity, 
governs permeability in volcanic rock (e.g. Heap et al., 2014b; Siratovich et al., 2014). Although the volume 
percent porosity in a rock is not the sole control of permeability, increased porosity is often associated with 
increased permeability. For example, Heap et al. (2014a) observed an 8 % to 29 % change in porosity 
increases permeability by four orders of magnitude in fractured andesites, and through-cutting 
microfractures in unaltered andesite can increase permeability to ~10-11 m2 regardless of the initial 
permeability of the rock (Heap & Kennedy, 2016). 
Under compressive conditions, deformation style controls change in permeability. Compactant 
deformation decreases permeability (e.g. David et al., 1994; Fortin et al., 2005; Baud et al., 2012; Heap et al., 
2015a), whereas dilatant deformation behaves variably. Dilatant deformation in low-porosity rock is linked 
with an increase in permeability (e.g. Nara et al., 2011), but high-porosity rock deformation decreases 
permeability (e.g. Zhu & Wong, 1997).  
The influence of hydrothermal alteration on permeability in volcanic material is poorly 
constrained. Furthermore, the effect of hydrothermal alteration on the factors that influence permeability 
(e.g. porosity change and pore connectivity) remain unstudied geospatially with respect to a heat source. I 
address these subjects in my thesis. 
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1.4.1.4 Elastic wave velocity 
In this thesis, one type of elastic wave is specifically examined – the P-wave (i.e. the compression wave). 
Like strength and permeability, P-wave velocity correlates with porosity. As porosity increases, P-wave 
velocity decreases (e.g. Ayling et al., 1995; Tugrul & Gurpinar, 1997; Al-Harthi et al., 1999; Fortin et al., 
2005; Vinciguerra et al., 2005; Chaki et al., 2008; Nara et al., 2011; Rajabzadeh et al., 2011; Adam et al., 2013; 
Heap et al., 2014b; Siratovich et al., 2014; Kanakiya et al., 2017). Similarly, fractures decrease P-wave 
velocity (see Rutherford & Lucas, 1962). Microstructure and stress conditions are critical considerations 
when discussing the mechanical properties of rocks. I also collect S-wave velocity data in order to produce 
dynamic deformation moduli. Although I do not address questions specific and exclusive to elastic wave 
velocity, I use these data to inform of microstructural consideration in unaltered and altered samples. 
1.5 Thesis organization 
This thesis was written and formatted so that the chapters with novel research (i.e. Chapters 2 – 6) are 
presented as independent manuscripts intended or already accepted for publication in international, peer-
reviewed journals. This introductory chapter serves to introduce the main topics and describe the structure 
of this thesis. 
Chapter 2 describes the effect of thermal stressing on hydrothermally altered andesitic lavas from 
the Rotokawa Geothermal Field (Fig. 1.1). This chapter serves as a preliminary study examining the petrophysical 
effects that varying peak temperatures (350 – 739 °C) in a 20 MPa water-saturated environment produce in 
(propylitic) hydrothermally altered Rotokawa andesite with subtly differing mineral assemblages (Table 1.1). A 
strong contrast in pre- and post-treatment properties suggests that some physical rock properties are 
noticeably affected at these temperatures (e.g. porosity and permeability increase; Fig. 1.2).  
Chapter 3 expands from the single-borehole samples of Chapter 2 by investigating the intact-rock 
properties of samples collected from four seasons of fieldwork at Pinnacle Ridge, Mt. Ruapehu (Fig. 1.1). 
There, a shallow magmatic intrusion and its corresponding advanced argillic hydrothermal system were 
exposed by glaciation ~10 ka. This research investigates the geospatial relationship between the rock properties and 
distance to the heat source and finds that the intact-rock porosity, permeability, and strength of brecciated lava 
margins display a moderate correlation with distance to the host rock-intrusion contact (Table 1.1). The relevance 
of this data is discussed and compared to data from previous rock-property studies. Implications for 
volcanic processes (e.g. seismic, eruptive, slope stability) are debated. A new geotechnical unit (i.e. 
hydrothermal vein material) is presented and a conceptual model of the geotechnical units surrounding a 
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small, shallow intrusion depicts the decreasing permeability in the altered volcanics and impermeable rock 
formed by the unaltered intrusion and hydrothermal vein material (Fig. 1.2). 
Chapter 4 uses an auspicious sample block from Pinnacle Ridge to expand from Chapter 3 detailing how 
(intermediate and advanced argillic) alteration affects the deformation mode (i.e. the mechanical properties) of 
andesitic lava at varying effective confining pressures (Table 1.1). In this study, we conduct water-saturated 
triaxial testing on altered andesite cored from the same sample block of andesitic lava from Pinnacle Ridge. 
Some samples have only intermediate argillic alteration. Other samples have late-stage advanced argillic 
alteration superimposed on the early intermediate argillic alteration. By directly comparing these two 
stages of alteration from the same primary volcanics, we precisely depict the extent of weakening that 
advanced argillic alteration produces in its host rock. Moreover, the deformation mode of the andesite with 
only intermediate argillic alteration (i.e. dilatant) differs from that of the samples with advanced argillic 
alteration (i.e. compactant; Fig. 1.2). We then discuss the implications this has for permeability, pore 
pressure augmentation, and, thereby, volcanic processes (i.e. seismicity). 
Chapter 5 adds discontinuity data of the geotechnical units from Pinnacle Ridge to the laboratory 
data presented in Chapter 3. Chapter 5 attempts to answer the question concerning the effects a small, shallow 
intrusion on the discontinuities in a volcanic host rock mass (Table 1.1). The discontinuities at Pinnacle Ridge 
are, in general, more closely spaced and have smoother surfaces inside the altered zone than outside the 
altered zone (Fig. 1.2). After considering the discontinuity characteristics, the altered rock masses have the 
potential to be the weakest rock masses in the ridge. 
Chapter 6 combines the laboratory data of Chapter 3 and field data of Chapter 5 with newly 
presented triaxial deformation data for the geotechnical units at Pinnacle Ridge in order to model principal 
stress envelopes using the Generalised Hoek-Brown failure criterion. Chapter 6 attempts to answer which rock 
masses have the highest potential for failure in the shallow hydrothermal system at Pinnacle Ridge and what the effects 
of varying pore pressure on the strength of rock masses are in a hydrothermal system. Finite element models with 
varying pore pressure conclusively show that hydrothermal veining constitutes the weakest rock mass 
within the alteration halo (Fig. 1.2). Although unaltered brecciated lava margins are weaker rock masses, 
the higher permeability of the unaltered brecciated lava margins reduce the probability of pore pressure 
augmentation and, consequently, decrease the probability of slope instability. However, the weak nature 
and low permeability of hydrothermal vein material coupled with its cross-cutting orientation give the 
hydrothermal vein a substantial potential to destabilize an edifice-hosting hydrothermally alteration. 
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Chapter 7 summarizes the key points made by the other chapters (see Fig. 1.2) and presents ideas 
for future research (Table 1.1). Chapter 7 finishes with a description of the electronic appendices containing 
the data presented and discussed in Chapters 2 – 6. The appendices can be found in the electronic files 
accompanying this thesis. 
Chapter Questions Specific Aim(s) 
Chapter 2 How does temperature affect petrophysical properties in 
(propylitic) hydrothermally altered andesite? 
Detail the petrophysical effects that varying 
peak temperatures (350 – 739 °C) at 20 MPa 
produces in hydrothermally altered Rotokawa 
andesite 
Chapter 3 How do rock properties change with distance to the 
intrusion in a shallow hydrothermal system? 
 
Measure the effect of confining pressure on the 
permeability of hydrothermally altered (advanced argillic) 
rocks? 
Characterise the mechanical and physical rock 
properties of the geotechnical units related to 
the emplacement of a small, shallow intrusion 
in a volcanic domain.   
Chapter 4 How does (intermediate argillic and advanced argillic) 
hydrothermal alteration affect the deformation mode of 
andesite? 
Identify the relevant pressure conditions for a 
change in brittle to ductile failure mode in 
argillic and advanced argillic altered andesites 
with a range of porosity. 
Chapter 5 Are the rock mechanical properties measured in the lab on 
cm scale cores applicable on outcrop scale? 
Characterise the discontinuity properties of the 
shallow hydrothermal system at Pinnacle 
Ridge 
Assign the rock mass properties of the 
intrusions at Pinnacle Ridge and the host rocks 
of the shallow hydrothermal system 
Chapter 6 What are the triaxial deformation characteristics of the 
geotechnical units associated with a shallow hydrothermal 
system? 
Define the Generalised Hoek-Brown failure 
criterion parameters for the geotechnical units 
of Pinnacle Ridge associated with the shallow 
hydrothermal system. 
How likely is Pinnacle ridge to fail under present and past 
active conditions? 
Asses the pore pressure influence on the rock 
mass strength of the geotechnical units 
associated with a hydrothermal system. 
Chapter 7 How do the previously presented works (Chapters 2 - 6) 
relate and what are the next topics of research? 
Discuss the relevance of the research presented 
in this thesis at a broader scale. 
Present topics of potential future research. 
Table 1.1 Key research topics and specific aims of this thesis. 
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Figure 1.2 Key findings in dissertation. Major conclusions are provided by their respective chapters of the 
dissertation. For additional detail, see each respective chapter. 
1.6 Scientific contributions arising from this work 
Chapters 2 – 6 are written with the intention of publishing their material in peer-reviewed research journals. 
At the time of this submission of this thesis, Chapters 3 and 4 have been accepted for publication in the 
Journal of Volcanology and Geothermal Research, and Chapter 4 is in review for consideration in 
Geophysical Research Letters. The contents of Chapters 2 – 6 were presented at conferences (see list of 
journal articles and conference abstracts below). 
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Rock mass properties and edifice strength data from Pinnacle Ridge, Mt. Ruapehu, New Zealand. 
Journal of Volcanology and Geothermal Research 367, 42-62. https://doi.org/10.1016/j.jvolgeores.2018.09.012 
Mordensky, S. P., Heap, M. J., Kennedy, B. M., Villeneuve, M. C., Farquharson, J. I., Gravley, D. M. (In 
Review) Influence of alteration on the mechanical behavior and failure mode of andesitic lavas: 
implications for shallow seismicity and volcano monitoring. Bulletin of Volcanology. 
1.6.2 Conference presentations 
Mordensky, S. P., Kennedy, B. M., Villeneuve, M. C., Farquharson, J. I., Heap, M. J., Gravley, D. M. 
(2018) Considering scale (spatial and temporal) – the effect of intrusions on geomechanical properties 
of a volcanic host. Presentation at the Energy Straight from Magma Workshop on Krafla (Iceland) 
Magma Drilling, Wairakei, New Zealand. 
Mordensky, S. P., Villeneuve, M. C., Kennedy, B. M., Gravley, D. M., Heap, M. J., Leonard, G., 
Farquharson, J. I., Reuschlé, T. (2017) Shallow Intrusions and Their Effects on Physical Properties in 
Volcanic Strata, Mt. Ruapehu, New Zealand. Presentation at the International Association of 
Volcanology and Chemistry of the Earth's Interior Annual Meeting, Portland, Oregon. 
Mordensky, S.P., Kennedy, B. M., Heap, M. J., Villeneuve, M. C., Gravley, D. M., Farquharson, J. I., 
Leonard, G. (2017) Rock Properties and Jointing Around Shallow Intrusions, Mt. Ruapehu. Presentation 
at American Association of Petroleum Geologists Workshop. Oamaru, New Zealand. 
Mordensky, S. P., Kennedy, B. M., Villeneuve, M. C., Gravley, D. M., Heap, M. J., Farquharson, J. I., 
Leonard, G. (2016) Rock Strength, Permeability, and Jointing Around Shallow Intrusions, Mt. Ruapehu. 
Presentation at the Geological Society of New Zealand Annual National Meeting. Wanaka, New 
Zealand. 
Mordensky, S. P., Kennedy, B. M., Villeneuve, M. C., Gravley, D. M., Heap, M. J., Farquharson, J. I., 
Leonard, G. (2016) Mechanical Properties of a Fossil Geothermal System. Presentation at the Society of 
Exploration Geophysicists Workshop. Hilo, Hawaii. 
1.7 Thesis originality 
For completeness, the co-authors of their associated manuscript are listed at the start of each chapter. 
Having collected (except for the simultaneous thermal and X-ray diffraction analyses for Chapter 2 and X-
ray diffraction analysis, Raman spectroscopy, and scanning electron spectroscopy analyses for Chapter 4), 
processed, and interpreted the data, drafted the manuscripts, and served as the nexus for all related 
communication, I am the first author of these publications. I cannot thank my co-authors enough for their 
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collaboration and discussions; however, I emphasize that the material presented herein in the product of 
my work and research. 
The central ideas for this research came from conversations between Ben Kennedy, Marlène 
Villeneuve, Mike Heap, and Paul Siratovich. More specifically, Paul Siratovich presented the idea and 
opportunity to study the effects of thermal stress on cored altered Rotokawa Andesite from the Rotokawa 
Geothermal Field (Chapter 2) with the co-operation of Mercury Ltd. Paul Ashwell provided an introduction 
to the use of the high-pressure, high-temperature bomb (dubbed the Magma Brewery) at the University of 
Canterbury. Yan Lavallée completed simultaneous thermal analysis at the University of Liverpool 
(England) and provided instruction on how to interpret the data. Marc Reichow completed X-ray 
diffraction analysis and mineral identification from this data at the University of Leicester (England). Hans 
Albert Gilg completed quantitative X-ray diffraction analysis, Raman spectroscopy, scanning electron 
spectroscopy, and mineral identification from these techniques at the Technische Universität München 
(Germany). 
The core concepts approached at Pinnacle Ridge (Chapters 3, 4, 5, and 6) were developed by Ben 
Kennedy, Marlène Villeneuve, Darren Gravley, Mike Heap, and Paul Siratovich from years of leading 
groups on and around Mt. Ruapehu. Ben Kennedy oversaw and guided my coordination with varying 
government (GNS, DOC, USGS) and academic institutions (University of Canterbury, Université de 
Strasbourg, University of Liverpool, University of Leicester, Technische Universität München). Marlène 
Villeneuve, Ben Kennedy, Jamie Farquharson, Rosie Cole, Stephanie Ferreira dos Santos, and “Corpse 
Grinder” assisted with the field collection of samples, scanline data, and rock mass classification. Isabelle 
Chambefort and Mark Simpson assisted with the collection and understanding of Terraspec data. Marlène 
Villeneuve, Mike Heap, Jamie Farquharson, and Thierry Reuschlé provided valuable insight and 
understanding of not just the principles of the rock-property testing equipment but also the necessary 
practicality to complete the analyses on schedule. Heidy Mader and at least two anonymous reviewers 
provided valuable feedback during the peer-review of Chapters 3 and 5 in the Journal of Volcanology and 
Geothermal Research. Rebecca Carey and at least two anonymous reviewers provided valuable feedback 
during the peer-review of Chapter 4 for Geophysical Research Letters. Discussions between me, my 
supervisors (Marlène Villeneuve, Ben Kennedy, Darren Gravley), and the other co-authors of these 
manuscripts (Mike Heap, Jamie Farquharson, Thierry Reuschlé, Marc Reichow, Yan Lavallée, Paul 
Siratovich, Hans Albert Gilg, and Joe Struthers) helped refine the form of the ideas presented in these 
works. Although Jim Cole did not serve as an official supervisor for this work in an official capacity, his 
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eagerness and willingness to provide guidance at many stages throughout these works improved the 
quality of this thesis and my perspective as a geoscientist. The University of Canterbury technicians, Rob 
Spiers, Cathy Higgins, Sarah Pope, Matt Cockcroft, Sacha Baldwin, and Anekant Wandres provided 
assistance (and untold patience) in the technical use of field and lab equipment. This thesis also benefited 
from conservations with Lauren Schaefer, Cécile Massiot, Stefan Cook, Romy Ridl, Sophie Hill, Alan 
Bishoff, Elodie Saubin, Andrea Barrier, Gilles Seropian, Janina Gillies, Dale Cusack, Stephanie Gates, and 
Carlos Kazianis.  
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Chapter 2 Preamble 
In Chapter 1, I introduce the overarching theme of this thesis (i.e. the investigation of the influence 
magmatic intrusions have on the physical and mechanical properties of volcanic host rock) by providing a 
brief context of intrusions in a volcanic setting and providing some questions that remain unanswered 
regarding the intrusions and their host rock. In Chapter 2, I describe a laboratory study in which I thermally 
stress hydrothermally altered andesite from the Rotokawa Geothermal Field (Fig. 1) to simulate the short-
term, high-temperature (350 – 739 °C) influence of magmatic intrusions on altered host rock (Fig. 1). This 
investigation serves as a preliminary study to observe the effects a nearby high-temperature source may 
have on altered materials. 
Chapter 2 has been written for submission to the Journal of Volcanology and Geothermal Research. 
 
Figure 1. Primary site locations specific to the research presented in this study. (a) Sites of the two 
hydrothermal systems in New Zealand. (b) Sites specific to Chapters 3 – 6 at Pinnacle Ridge. Solid black 
polygon marks boundary of the largest young intrusion. Scale is approximate. 
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Abstract 
Changes in the permeability of hydrothermal systems can affect fluid flow and impact geological processes, 
geohazards, and geothermal energy production. Many factors influence the permeability of materials, 
including porosity, pore connectivity, tortuosity, lithostatic stress, and pore pressure. In hydrothermal 
systems, high-temperature heat sources drive fluid convection through the porous network of reservoir 
rocks; yet, thermal fluctuations may induce microfracturing and jeopardise the mineralogical stability of 
the reservoir rock, thus modifying the fluid pathways. This study describes the results of short-duration 
(30-minu) thermal stressing events on two suites of hydrothermally altered andesite hosting two distinct 
propylitic alteration assemblages (i.e. plagioclase-clinochlore-calcite-quartz and plagioclase-clinozoisite-
quartz-clinochlore) from the Rotokawa Geothermal Field. We use a low thermal gradient (< 2 °C/min) in 
an H2O-saturated, 20-MPa environment to constrain changes in reservoir petrophysical properties 
associated with transitory thermal phenomena between 350 °C to 739 °C before chemical equilibrium is 
achieved. We find that as the treatment temperature increases, the mass of the samples is reduced through 
mineral breakdown from circulating fluids, thereby increasing porosity and permeability. These effects 
were greater in the altered plagioclase-clinochlore-calcite-quartz andesite than in the altered plagioclase-
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clinozoisite-quartz-clinochlore andesite. Energy-dispersive X-ray spectroscopy finds microfracturing is 
responsible for these changes at lower temperatures (e.g. 400 °C). At higher temperatures (e.g. 739 °C), 
microfracturing remains partially responsible for these rock property changes (e.g. higher permeability); 
however, X-ray diffraction and simultaneous thermal analysis also reveal these changes are partially a 
product of clinochlore, quartz, and (when present) calcite reacting out of the altered andesite. Our data 
suggest that short-duration, high-temperature conditions commonly associated with the margins of even 
small volume intrusions can substantially increase permeability and decrease the strength of some 
hydrothermally altered volcanic materials. 
2.1 Introduction 
Hydrothermal fluids have long been sought out for their utilisation as a heat source and conversion to 
electrical energy (Cataldi, 1993). Geothermal systems, especially those hosting an active hydrothermal 
system, provide a substantial resource to supply large populations with reliable, environmentally-friendly, 
sustainable energy. The driving geological components of a hydrothermal system (i.e. heat source, 
convecting fluid, and permeable conductive zone; Grant & Bixley, 2011; Corrado et al., 2014) are complexly 
interrelated. Therefore, the interplay between these three variables is of utmost interest. Active magmatic 
provinces commonly host important hydrothermal systems (e.g. Grunder et al., 1987; Ingebritsen et al., 
1989; Rowland & Sibson, 2004). The thermal conditions directly adjacent to magmatic intrusions may reach 
circa 1200 °C (Sigurdsson et al., 2000; and references therein), promoting vigorous fluid circulation (Scott et 
al., 2015). The profitable development of a geothermal power plant that uses high-enthalpy fluids targets 
reservoir rock with a narrow range of permeability (Scott et al., 2015): in hydrothermal systems for which 
the reservoir rock permeability is lower than 10-16 m2, it is expected that heat transport is primarily 
controlled by conduction, which is substantially less efficient for heat transport than convection 
(Ingebritsen et al., 2006). In contrast if permeability of the reservoir rock exceeds 10-14 m2, fluid convection 
is too rapid to promote optimal fluid enthalpy (Cathles, 1977; Norton & Knight, 1977; Hayba & Ingebritsen, 
1997). Therefore, understanding the impacts of heat sources on adjacent host-rock permeability will serve 
to increase the efficiency of ongoing and future geothermal energy production efforts.  
Hydrothermal systems are dynamic environments, in which heat, fluid composition, and reservoir 
rock permeability fluctuate. Thermal stressing may cause relative expansion of solid (e.g. mineral) phases 
in the host rock (e.g. Barlett, 1832; Rosenholtz & Smith, 1941; Siratovich et al., 2015b). When the rock 
temperature surpasses those previously experienced, permanent damage may occur (i.e. the Kaiser effect; 
e.g. Wyering et al., 2014, and references therein). Thermal cracking during heating has been attributed to 
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several processes: the mismatched thermal expansion of minerals, temperature gradients induced as a 
function of heating rate, anisotropic thermal diffusivity of minerals, the bursting of fluid inclusions, mineral 
decomposition and devolatilization (e.g. Simmons & Cooper, 1978; Wong & Brace, 1979; Lo & Wai, 1982; 
Keshavarz et al., 2010; Heap et al., 2012). The generation of these thermal fractures augments the 
permeability of the rock (Kendrick et al., 2013; Heap et al., 2014b; Browning et al., 2016; Eggertsson et al., 
2018). Hydrothermal fluids and heat input may also dissolve or breakdown rock-forming minerals, thus 
creating additional permeable porous pathways for fluid flow (e.g. Nemčok et al., 2007; Kanakiya et al., 
2017; Cant et al., 2018). Alternatively, hydrothermal fluids may force the precipitation of minerals (e.g. 
clays, salts, carbonates, silica polymorphs) within the pores and cracks (e.g. Rowland & Sibson, 2004; 
Kanakiya et al., 2017) and thereby decreasing permeability (e.g. Heap et al., 2017). The permeability 
evolution of the reservoir rock are ultimately governed by the temperature, pressure, and chemistry of the 
system (fluids and solids), which control fluid convection (Fournier, 1985; and references therein). Magma 
provides the heat in many hydrothermal systems. The intrusion and subsequent cooling of magma in host 
rock can (re)activate and/or modify hydrothermal systems (Cathles et al., 1997; Grant & Bixley, 2011; Liotta 
et al., In Press). An extreme example of this was documented at Krafla (Mortensen et al., 2014; Scott et al., 
2015), where large changes in rock mass properties were encountered during drilling close to an active 
shallow rhyolite intrusion providing evidence of the thermal and chemical impact of the intrusion on the 
surrounding host rock.  
 The effects of temperature on the physical, chemical, and mineralogical properties of volcanic rocks 
has been the subject of a range of studies (e.g. Kitao et al., 1990; Bjӧrnsson, 2004; Siratovich et al., 2015a; 
Siratovich et al., 2015b; Browning et al., 2016), but the range of scenarios (e.g. heating versus cooling), 
conditions (e.g. magnitude of temperature fluctuations), and reservoir rock types (e.g. unaltered versus 
altered) has prevented the generalisation of the impact on the resultant reservoir rock permeability. For 
instance, cooling results in contraction which may generate thermal cracks to promote fluid flow (Lamur 
et al., 2018); yet it may also precipitate secondary mineralisation that can block otherwise permeable 
pathways (Heap et al., 2017). In contrast, the impact of temperature increase (e.g. from magma intrusion) 
on the resultant rock permeability remains poorly constrained as it has received noticeably less attention 
than that of pressure-induced stresses (e.g. Gudmundsson, 2006; Gudmundsson, 2011). Understanding 
how the permeability of reservoir rock changes in response to thermal fluctuation is critical to elaborate 
solutions to maintain the economic potential of hydrothermal resources. 
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In this study, we expose water-saturated reservoir rock (i.e. two suites of andesite with propylitic 
alteration assemblages) from the Rotokawa Geothermal Field, New Zealand to high temperatures (up to 
739 °C) over a relatively brief (30-min) duration to investigate the impact on porosity, permeability, and 
mineralogy. 
2.1.1 Geological context of the Rotokawa hydrothermal system 
New Zealand, a world leader in geothermal power, hosts the majority of its geothermal power production 
within the Taupo Volcanic Zone (TVZ; Fig. 2.1). The Rotokawa andesite, encountered at 1.5 – 2.5 km depth 
in the TVZ serves as the primary reservoir rock for the Rotokawa Geothermal Field. The Rotokawa 
geothermal system sits 14 km NE of Taupo and hosts > 13 production wells as part of a large industrial 
complex, producing 24 MWe at the Rotokawa I power station and 140 MWe at the Nga Awa Purua power 
station. The Nga Awa Purua station houses the single largest geothermal turbine in the world, providing 
almost 3% of New Zealand’s electrical consumption (Legmann & Sullivan, 2003; Horie & Muto, 2010). 
 
Figure 2.1 North Island, New Zealand and the active TVZ boundaries (dashed black) with the locations of 
geothermal fields (black), active caldera boundaries (black outline), and inferred caldera boundaries 
(orange outline). Rotokawa Geothermal Field indicated by red circle. Adapted from Wilson et al. (1995). 
The 1.9 Ma Rotokawa andesite has a primary composition of medium- to low-K, calc-alkaline 
andesitic lavas; however, these lavas have undergone extensive propylitic hydrothermal alteration in a 
high-enthalpy hydrothermal system following their burial 0.34-0.30 Ma ago (Chambefort et al., 2014; 
McNamara et al., 2016). Pre-alteration mineralogy was predominantly composed of plagioclase and 
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pyroxene phenocrysts in a microlitic groundmass consisting plagioclase and titanomagnetite. Rock-fluid 
interaction variably altered the primary plagioclase to albite, adularia, calcite, pyrite, and epidote. Pyroxene 
crystals were partially to completely altered to chlorite, quartz, calcite, and epidote. The groundmass was 
replaced with chlorite, leucoxene, haematite, and silica minerals (see Figs. 5, 6; Siratovich et al., 2016). 
The aqueous ion chemistry in the Rotokawa hydrothermal fluids varies spatially and temporally 
and remains the product of interaction with rock and meteoric, magmatic and/or connate fluids (Rowland 
& Simmons, 2012; Siratovich et al., 2016). Consequently, the chemistry is partially dependent on the 
permeability of the crystallizing magma body and surrounding host rocks (Norton, 1984), leading to the 
high degree of alteration and rock property variability found in the hydrothermal system. The variation of 
in situ temperatures (currently reaching 340 °C) and reservoir pressures (e.g. pore pressure varying around 
15 – 20 MPa; lithostatic pressures from 0 – 60 MPa with effective mean pressures of 0 – 10 MPa; Davidson 
et al., 2012) throughout the andesites’ history has promoted the spatial development of rocks with a range 
of mechanical and physical rock properties (Siratovich et al., 2012; Siratovich et al., 2014; Wyering et al., 
2014; Siratovich et al., 2016).  
The mechanical and physical rock properties of the Rotokawa andesite are highly variable because 
the petrological signature of the rock varies with alteration facies over short distances (< 0.5 m; Siratovich 
et al., 2016). Vesicles (commonly irregularly shaped), fractures, and inter-granular pore space are variably 
filled with secondary minerals (e.g. chlorite, quartz, epidote, and/or calcite; Figs. 5, 6; Siratovich et al., 2016). 
The intensity of alteration may evolve from moderate to high over short distances across transitions 
between the inner, coherent parts of lavas to their brecciated margins (Siratovich et al., 2016). Consequently, 
the samples collected from coring exhibit a spectrum of mechanical properties; for instance, highly altered 
samples are weaker and dilate less than moderately altered rocks during deformation in the brittle field, 
and microscopic damage is more diffuse in high-porosity than in low-porosity samples (Siratovich et al., 
2016). 
2.2 Methods 
Here, we investigate the impact of thermal stressing on the porosity and permeability of hydrothermally 
altered andesite using two different mineral assemblages from the Rotokawa hydrothermal system: an 
altered plagioclase-clinochlore-calcite-quartz andesite, which we label as the moderately altered andesite 
herein, and an altered plagioclase-clinozoisite-quartz-clinochlore andesite, which we label as the highly 
altered andesite herein. Spot cores of the moderately and highly altered Rotokawa andesite were obtained 
during the drilling of Rotokawa production wells RK28 and RK29, respectively (Fig. 2.S1; Siratovich et al., 
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2016). The spot cores were further cored with a 20 mm-diameter diamond bit. The samples were cut and 
ground to a length of 40 mm. Before the temperature treatment, we characterised the physical rock 
properties of the samples to compare to those of post-treatment. Porosity and density were measured by 
means of the Archimedes Triple Weight method. P- and S-wave velocities were collected using a GCTS 
CATS interfaced with transducer-mounted piezoelectric quartz crystals operating at a 900 kHz resonance 
frequency under unconfined atmospheric conditions. Permeability was collected using a PDP-200 
permeameter at an effective confining pressure of 1 MPa. We ensured that the physical properties of the 
cores produced from each respective rock types (moderately and highly altered) were similar (i.e. porosity, 
permeability, p-wave velocity) so as to minimize the potential impact of sample variability in such 
heterogeneous materials. See Mordensky et al. (2018) for additional details on physical characterization 
methods performed at the University of Canterbury. 
2.2.1 Thermal treatment 
Altogether, we thermally stressed 18 samples (9 moderately altered and 9 highly altered) in the 
temperature-pressure Magma Brewery autoclave at the University of Canterbury, New Zealand (Fig. 2.2). A 
pump applied 20 MPa pressure using distilled H2O. The temperature was then raised to 350, 400, 450, 500, 
550, 600, 650, 700, or 739 °C. As temperature increased, excess H2O was bled from the system to maintain 
20 MPa pressure. To minimise the generation of thermal cracks from thermal gradients caused by rapid 
heating (e.g. Todd, 1973; Richter & Simmons, 1974; David et al., 1999; Siratovich et al., 2011; Browning et 
al., 2016) and thus concentrate our investigation to the impact of mineral instability of the resultant physical 
properties of the rock, we heated the cores at a rate of < 2 °C/min (Fig. 2.3). To assess the impact from short 
exposure to high temperatures in an H2O-saturated environment, we heated the samples (for 6 to 13 hrs) 
and left them to dwell for 30 min; this timescale is insufficient to cause complete mineral reactions at the 
dwell temperatures, however, we were satisfied with such a timescale to reflect rapid thermal fluctuations 
imparted by brief incursion from hot magmatic fluids in reservoir rock. The samples were then cooled at < 
2 °C/min to ambient temperatures. In order to avoid barometrically stressing the samples due to phase 
changes associated with the liquid-vapour phase transition during cooling, pressure was eased to ambient 
atmospheric conditions (~50 kPa/min) once the sample reached 390 °C. After thermal treatment, the 
physical properties were characterised again. 
CHAPTER 2: INCREASING THE PERMEABILITY OF HYDROTHERMALLY ALTERED ANDESITE 28 
 
Figure 2.2 Schematic outline of the ‘Magma Brewery’ autoclave (diagram not to scale). Furnace followed 
guiding rail down to envelope pressure vessel. This autoclave system has an operational limit of 739 °C. 
 
Figure 2.3 Heating and cooling profiles of thermal treatment of the Rotokawa andesite. 
2.2.2 Scanning electron microscopy 
Energy-dispersive X-ray spectroscopy (EDS) analysis was completed by a JEOL IT-300 scanning electron 
microscope (SEM) interfaced with an Oxford X-MAXN 50 using an accelerating voltage of 15 kV, a working 
distance of 10 mm, a spot size equivalent to a 40 JEOL probe current as defined by Japan Electron Optics 
Laboratory Company Ltd. Samples were cut, ground, and polished using diamond-tipped instruments and 
then carbon coated. Backscattered electron images were collected for both sample suites on untreated, 400 
°C-treated, and 739 °C-treated samples. 
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2.2.3 X-ray diffraction analysis 
Sample compositions were determined by X-ray powder diffraction (XRD) analysis using a Bruker D8 
Advance Bragg-Brentano theta-theta powder diffractometer at the University of Leicester, UK. The 
machine uses Cu Kα radiation and is equipped with a LynxEye position-sensitive detector and a 90-
position auto-sampler. The scan range was 4 to 90 degrees 2-theta, with a step size of 0.01 degrees and a 
scan rate of 0.5 s per step. Phase identification was carried out using DIFFRAC.EVA software, interfaced 
with the PDF-4 database from the International Centre for Diffraction Data (ICDD), Philadelphia, USA. 
This analysis was conducted on the original (untreated) moderately and highly altered samples as well as 
on these samples subjected to temperatures of 600 °C and 739 °C. 
2.2.4 Thermo-gravimetric analysis 
Simultaneous thermal analysis (STA) was conducted using a Netzsch STA 449 F1 Jupiter at the University 
of Liverpool, UK (see also Siratovich et al. [2015b] for details on the measurements of the Rotokawa 
andesites). Sample chips (circa 50-60 mg) were oven dried at 70 °C for several hours and held in an air-tight 
desiccator for thermal equilibration to atmospheric temperature and to minimise the presence of residual 
water molecules (that could affect weight determination) prior to testing. The sample chips were then 
loaded in a platinum sample crucible in an atmosphere flushed by argon gas using a flow rate of 20 ml/min. 
The sample assembly was heated at a rate of 5 °C/min to 900 °C, whilst measuring thermo-gravimetric (TG) 
changes in sample weight (at an accuracy of ± 25 ng), which may fluctuate due to reactions (e.g. 
dehydration, calcination or oxidation/reduction). These measurements were conducted on 6 samples (i.e. 
untreated, 600 °C-treated, and 739 °C-treated samples from the moderately and highly altered andesites).  
2.3 Results 
2.3.1 Sample composition and microstructural analysis 
Thermal treatment induced microfracturing in moderately and highly altered andesite. The few 
microfractures in the untreated samples are short (< 200 µm (Fig. 2.4a,d) and do not intersect. Following 
relatively low treatment temperature (e.g. 400 °C), the microfractures, although longer than in the untreated 
samples, remain relatively short (< 300 µm) and predominantly independent of each other (Fig. 2.4b,e). 
After treatment to the highest temperature (i.e. 739 °C), long (> 500 µm), microfractures cross-cut 
phenocrysts (Fig. 2.4c,f). In the moderately altered andesite, the long, through-cutting microfractures 
intersect other microfractures. In the highly altered andesite, microfracture density and intersection does 
not appear as prevalent following high-temperature treatment. 
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Figure 2.4 Backscattered electron images of sample microstructure. (a) Untreated moderately altered 
andesite. (b) Moderately altered andesite treated at 400 °C. (c) Moderately altered andesite treated at 739 
°C. (d) Untreated highly altered andesite. (e) Highly altered andesite treated at 400 °C. (f) Highly altered 
andesite treated at 739 °C. Porosity is black. Plag – Plagioclase; Qt – Quartz; Ch – Clinochlore; Ca – Calcite; 
Cl – Clinozoisite. All images were collected at 100x magnification. 
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The EDS and XRD composition analyses produced generally consistent results. Electron-dispersive X-ray 
spectroscopy finds that the moderately altered andesite is composed of plagioclase (45 – 55%), clinochlore 
(OH-bearing, magnesium-rich chlorite; 30 – 35%), and quartz (5 – 10%), and calcite (5 – 10%) phenocrysts 
with a ground mass predominated by 10 – 20 µm interlocking crystals with the same composition as the 
phenocrysts (Fig. 2.5a,c). The highly altered andesite has plagioclase (80 – 95%) and quartz (5 – 20%) 
phenocrysts with interstitial clinochore. The plagioclase grains display varying states of partial alteration 
into clinozoisite (10 – 30%). The 10 – 20 µm crystalline groundmass is predominantly plagioclase and 
clinochlore with traces of clinozoisite and quartz (Fig. 2.5b,d). These results are confirmed by XRD analysis 
(Fig. 2.S2).  
X-ray diffraction analysis of the samples treated at 600 °C also found the same phases as in the 
untreated samples, whereas clinochlore was not detected in samples treated at 739 °C by XRD analysis. 
That is, XRD analysis only detected plagioclase, quartz, and calcite in the moderately altered samples 
treated at 739 °C and plagioclase, quartz, and clinozoisite in the highly altered samples treated at 739 °C. 
However, EDS finds all phases that are present in the control samples are also present in samples treated 
at 739 °C (Fig. 2.5a,c), but EDS also provides evidence of reaction in these samples. In the samples treated 
to 739 °C, the clinochlore, quartz, and calcite have reaction textures not present in the control samples (Fig. 
2.5b,d). This is particularly observable in Fig. 2.5b, in which substantial volumes of clinochlore and quartz 
have reacted out of the rock with a breakdown texture also visible in the clinochlore-quartz-plagioclase 
groundmass. 
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Figure 2.5 Backscattered electron images of sample mineralogy identified by EDS. (a) Untreated moderately 
altered andesite. (b) Moderately altered andesite treated at 739 °C with reaction textures in clinochlore, 
quartz, and calcite. (c) Untreated highly altered andesite. (d) Highly altered andesite treated at 739 °C with 
reaction textures in quartz and clinochlore.  Plag – Plagioclase; Qt – Quartz; Ch – Clinochlore; Ca – Calcite; 
Cl – Clinozoisite. All images were collected at 150x magnification. 
2.3.2 Thermo-gravimetric analysis 
The TG analyses of the control samples of moderately altered and highly altered andesites exhibit two 
reactions initiating around 500 °C and then 650 °C (Fig. 2.6). For the moderately altered sample stressed to 
739 °C, the minerals involved in the reaction initiating at ~500 °C are not present, but those of the second 
reaction (initiating at circa 650 °C) remain. 
The highly altered control samples have noticeably smaller total mass loss than the moderately 
altered samples during both reactions. The highly altered sample subjected to 600 °C exhibits greater 
weight loss compared to its respective control sample. We note some weight loss at low temperatures (< 
100 °C) during STA in the highly altered sample previously treated to 739 °C. Siratovich et al. (2015b) 
observed comparable mass loss at similarly low temperatures in untreated samples from the Rotokawa 
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andesite. When considered with the XRD analysis, this anomalous TG behaviour is most likely adsorbed 
atmospheric molecular water loss. 
 
Figure 2.6 Results of thermo-gravimetric analysis for a) the moderately altered andesite (originally collected 
as well as previously stressed to 600 °C and 739 °C) and b) the highly altered andesite samples. All samples 
display evidence of reactions initiating during heating beyond circa 500 °C and 650 °C. Note the discrepancy 
in scale between (a) and (b). 
2.3.3 Comparison of the pre- and post-treatment physical properties of the Rotokawa andesite 
The initial bulk rock density of the moderately altered andesite was higher than that of the highly 
altered andesite (Table 2.1). This distinction is the product of the difference in porosity between the two 
sample series and remains true irrespective of the temperature reached for the short duration of thermal 
stresses imposed in this study (Table 2.1). It is also important to note that sample volume increased as a 
result of higher treatment temperatures (> 650 °C). Neither sample suite displays a clear density evolution 
with the hydrothermal conditions experienced (Table 2.1); however, the density of both, the moderately 
and highly altered andesites generally decreases with thermal stressing. In general, the changes in bulk 
sample density are < 1% for thermal stressing to moderate temperatures (350 – 500 °C) and decrease more 
(by > 2%) at higher temperatures (≥ 550 °C in the moderately altered andesite and ≥ 739 °C in the highly 
altered andesite; Table 2.1). The temperature at which we note the greatest changes in density correspond 
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with those indicated by the initial reaction suggested by the TG analyses in the moderately altered andesite 
and the increase in sample volume in the highly altered andesite (Fig. 2.6; Table 2.1). 
Thermal stressing resulted in the creation of porosity for both andesites (Fig. 2.7a). The relative 
increase in porosity of both andesites non-linearly increases with the temperature experienced (Fig. 2.7a). 
The relative increase in porosity of the highly altered samples is less than that for the moderately altered 
samples. 
The moderately altered andesite suites exhibit consistently lower original (pre-treatment) 
permeability than the highly altered andesite (Table 2.1). The treatment increased the permeability of the 
moderately altered andesite by up to one order of magnitude (Fig. 2.7b; Table 2.1). Thermal treatment also 
increased the permeability in the highly altered andesite, but not to the same magnitude as in the 
moderately altered andesite. Higher permeability generally coincides with higher porosity (Fig. 2.8). Thus, 
the experimental results indicate that even brief (30-min) excursions to higher temperatures may modify 
the mineralogical and physical (e.g. porosity and permeability) properties of altered volcanic rocks in active 
hydrothermal systems. 





















  Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
M10 Control 12.58   31.23 
 2439  9.98  1.63 × 10-18  4069  2335  0.25  3.49  
M2 350 12.65 12.64 31.94 31.90 2508 2498 7.59 7.74 4.91 × 10-18 5.42 × 10-18 3862 3890 2066 1984 0.30 0.32 2.87 2.69 
M1 400 12.65 12.65 31.63 31.55 2504 2484 8.11 8.49 3.13 × 10-18 1.13 × 10-17 3958 3986 2177 1328 0.28 0.43 3.15 0.32 
M3 450 12.57 12.57 31.57 31.38 2488 2460 8.53 9.62 3.04 × 10-18 1.46 × 10-17 4044 3888 1748 1899 0.39 0.34 2.18 2.47 
M5 500 12.66 12.64 31.26 30.91 2451 2412 9.92 11.59 2.72 × 10-18 1.24 × 10-17 3913 4158 1944 1349 0.34 0.44 2.58 1.33 
M8 550 12.51 12.51 31.13 30.59 2452 2382 9.55 11.99 2.51 × 10-18 1.63 × 10-17 3990 3880 2168 1042 0.29 0.46 3.10 0.80 
M9 600 12.74 12.75 31.52 30.91 2486 2406 8.71 11.70 2.19 × 10-18 1.55 × 10-17 3980 4031 1666 1362 0.39 0.44 1.99 0.32 
M7 650 12.71 12.78 31.57 30.94 2476 2402 8.71 12.24 2.08 × 10-18 3.20 × 10-17 3991 3809 2043 1802 0.32 0.36 2.85 2.22 
M4 700 12.74 12.85 31.56 29.32 2476 2283 8.97 16.10 1.06 × 10-18 8.88 × 10-17 3887 3301 2498 1557 0.15 0.36 3.68 1.50 
M6 739 12.73 12.83 31.90 30.55 2505 2367 7.75 15.12 1.09 × 10-18 7.33 × 10-17 4253 3368 2416 2227 0.26 0.11 3.82 2.61 
H4 Control 12.75   29.16   2460   7.79   1.12 × 10-16   3777   1933   0.32   2.36 0.00 
H6 350 12.71 12.73 28.86 28.83 2285 2286 16.38 18.09 4.90 × 10-16 5.11 × 10-16 3450 3578 1967 1133 0.26 0.44 2.38 0.85 
H3 400 12.62 12.67 28.43 28.32 2246 2245 18.53 20.26 8.05 × 10-16 8.75 × 10-16 3268 3300 1713 1525 0.31 0.36 1.87 1.42 
H2 450 12.69 12.77 28.39 28.24 2264 2262 17.42 19.26 7.62 × 10-16 8.48 × 10-16 3369 3514 1838 1346 0.29 0.41 2.12 1.15 
H9 500 12.75 12.75 29.03 28.94 2297 2295 15.21 17.24 3.26 × 10-16 3.51 × 10-16 3630 3564 1907 1658 0.31 0.36 2.33 1.71 
H5 550 12.67 12.73 28.52 28.41 2278 2270 16.26 17.69 3.40 × 10-16 3.84 × 10-16 3596 3574 1827 1594 0.33 0.38 2.16 1.59 
H10 600 12.71 12.72 29.20 29.08 2301 2267 14.66 16.48 1.46 × 10-16 2.28 × 10-16 3727 3550 2066 1755 0.28 0.34 2.66 2.02 
H8 650 12.68 12.91 29.07 28.93 2279 2260 15.52 18.03 2.87 × 10-16 4.67 × 10-16 3602 3156 1700 1556 0.36 0.34 0.48 1.47 
H1 700 12.74 12.89 29.55 30.25 2335 2355 12.04 14.50 4.34 × 10-17 6.01 × 10-17 3869 3552 2020 1757 0.31 0.34 2.61 1.94 
H7 739 12.68 12.92 29.13 28.69 2291 2233 14.92 20.23 2.04 × 10-16 2.56 × 10-16 3747 3178 2018 1416 0.30 0.38 2.57 0.42 
Table 2.1 Physical and mechanical property data. White-background columns depict pre-treatment data. Grey-background columns depict post-
treatment data.  Standard Error ≤ 1% of the reported values.
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Figure 2.7 Changes in rock properties by treatment temperature. (a) Relative change in porosity versus 
treatment temperature. Higher treatment temperature is associated with greater changes in porosity. (b) 
Relative change in permeability following temperature treatment. Treatment temperatures increases 
permeability more in the moderately altered samples than in the highly altered samples. (c) Change in P-
wave velocity versus temperature. Treatment temperature decreases ultrasonic P-wave velocity in the 
moderately and highly altered Rotokawa andesite at > 600 °C. Standard Error ≤ 1% of the reported values. 
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Figure 2.8 Change in porosity versus change in permeability. Treatment temperatures provided adjacent 
to respective data points in °C. Standard Error ≤ 1% of the reported values. 
The initial P- and S-wave velocities of the moderately altered samples are generally higher than 
those of the highly altered samples (Table 2.1). When comparing post-treatment P-wave velocities from 
moderately and highly altered andesite to treatment temperature, only samples from the moderately 
altered andesite exposed to temperatures > 700 °C have noticeably lower values (< 3400 m/s) than the other 
samples of the same suite (> 3800 m/s; Table 2.1). However, the change in P-wave velocity from the original 
analysis to post-treatment analysis corresponds with the treatment temperatures when exceeding 600 °C 
in the moderately and highly altered samples (Fig. 2.7c).  While post-treatment S-wave velocity values are 
generally lower than the initial values, there is no clear distinction between treatment temperature and 
post-treatment S-wave velocity or change in S-wave velocity in the highly altered andesite (Table 2.1). 
2.4 Interpretation and discussion 
2.4.1 Porosity and permeability 
It is critical to acknowledge that the original samples used in this study contained varying fractions of 
mineral phases (Figs. 2.4, 2.5, 2.S1, 2.S2a,d) and spatially variable microstructure as the samples were 
sourced from a naturally occuring hydrothermal system. The compositional heterogeneity also explains 
the discrepency between the XRD and TG analyses (i.e. phase(s) absent after  739 °C treatment) and the 
EDS results. Therefore, the relative changes in physical properties between samples subjected to different 
temperature increments may not be entirely attributable to the different thermal conditions, as abundances 
of certain phases or structures may affect thermal susceptibility. Nonetheless, we observe that the physical 
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properties of moderately and highly altered Rotokawa andesite change after brief exposure to thermal 
stresses as low as 350 °C, and that temperature increase consistently resulted in an increase in porosity 
(Table 2.1). We interpret the observed porosity increase to a combination of mineralogical breakdown and 
microcracking. 
2.4.2 Porosity and permeability: mineralogical breakdown 
Thermo-gravimetric analyses indicate mass loss events at temperatures consistent with previous studies 
on the Rotokawa andesitic lavas. For example, Siratovich et al. (2015b) observed no significant change in 
sample mass after thermal stressing in altered andesites exposed to < 450 °C, but observed mass loss 
exceeding 2% (in the case of the moderately altered andesite) and ~1% (in the case of the highly altered 
andesite) following temperature excursion above 500 °C (Fig. 2.6) due to the breakdown of chlorite, quartz, 
and calcite. It is important to note that the treatment of the samples in our study occurred at high pressure 
(20 MPa) in water-saturated conditions (as opposed to the dry, ambient pressure conditions in the STA and 
XRD analyses); therefore, the reactions (and resultant physical changes) following the thermal treatment 
may not exactly occur at the same temperatures as in the XRD and STA analyses. For example, the second 
reaction in the moderately altered andesite begins at ~650 °C (see Fig. 2.6) a substantial change in 
permeability is not observed around this temperature until > 700 °C. The increased mass loss of the 600 °C  
experimental samples compared to the controls could indicate that hydration reactions may have occurred 
during the extended heat up time, or cooling period; however, the SEM (Fig. 2.5, 2.4), physical property 
(Fig. 2.7), and XRD (Figs. 2.S1, 2.S2b,e), data do not support this scenario. 
The XRD data (Fig. 2.S2) suggest that the short-duration (30-min) dwell period imposed in our tests 
may have been sufficient to allow complete reaction of some phases; however, EDS mapping finds no 
changes in the phases present between the control and high-temperature samples. Clinochlore, quartz, and, 
to a lesser extent, calcite have reaction textures after having been exposed to high treatment temperature 
(e.g. 739 °C; Fig. 2.5). The prevalence of reaction textures in clinoclore and quartz (Fig. 2.5b,d) suggests the 
lower temperature reactions from the TG analyses (Fig. 2.6) can be attributed to these phases and is 
consistent with the breakdown of chlorite-quartz into talc, cordierite, and water at 500 - 600 °C observed in 
other studies (e.g. Fleming & Fawcett, 1976; Massonne & Massonne, 1989; Vidal et al., 2001). The relative 
large second reaction observed in the TG analyses of the moderately altered andesite (Fig. 2.6a) is consistent 
with devolatilization reactions of calcite in this temperature range (e.g. Mollo et al., 2012; Heap et al., 2013b). 
The reaction texture in calcite exposed to high-temperatures (Fig. 2.5b) supports intrepretation. The 
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changes observe in the clinochlore, quartz, and calcite demonstrates the susceptiblity hydrothermal 
systems with these minerals to changes in physical properties. 
2.4.3 Porosity and permeability: microcracking 
The microstructure of rocks serves as a first-order control on their mechanical and physical properties (e.g. 
Heap et al., 2014b). This is especially important in a geological context where rocks may be subjected to 
microcracking imparted by strong temperature fluctuations and/or gradients (e.g. magmatic dike 
emplacement, contact metamorphism, cooling of magma bodies; Siratovich et al., 2015a, and references 
therein). Thermal stressing of rock cores conducted in an oven (heating all sides of a sample) has been 
described to generate microcracks without preferred orientation that promote isotropic elastic wave 
velocities (e.g. Vinciguerra et al., 2005; Fortin et al., 2011; Heap et al., 2013a; Heap et al., 2014a; Browning et 
al., 2016). Elastic wave velocity analysis of the thermally stressed samples in our study suggests that the 
microfracturing and/or mineralogical reaction(s) associated with the short-lived thermal input events 
began to inhibit P-wave velocity in samples subjected to temperatures > 600 °C in the moderately and 
highly altered Rotokawa andesite (Fig. 2.7c). Post-treatment S-wave velocities, while slower than pre-
treatment S-wave velocities (Table 2.1), do not display a relationship with temperature. This lack of 
correlation suggests the heterogenous distribution  crystal size and composition within the altered 
andesites led to the anisotropic generation of microfractures (e.g. Simmons & Cooper, 1978; Wong & Brace, 
1979; Lo & Wai, 1982; Keshavarz et al., 2010), which then produced a complex interaction of splitting S-
waves (see Ryall & Savage, 1974). These data are consistent with our backscattered electron SEM images, 
which show that microfractures are predominantly absent and, when present, short, in untreated samples 
(Fig. 2.4a,d) but become more abundant and longer in phenocrysts as treatment temperature increases (Fig. 
2.4c,f). 
Porosity and permeability changes increase with higher treatment temperatures in both sample 
suites. At lower temperatures microfracturing (e.g. Fig. 2.4c,f) imparts higher porosity and permeability, 
especially in the moderately altered andesite (Figs. 2.7a,b, 2.8; Table 2.1). As temperature surpasses > 550 
°C, the temperature at which the TG data (Fig. 2.6) depict the initial (likely clinochlore-quartz) reaction, we 
observe an increase in the rate at which permeability changes relative to temperature suggesting mass loss 
contributes substantially to the increase in permeability at this temperature. The next increase in the rate of 
permeability change relative to temperature is above the temperature of the second reaction (Figs. 2.6, 2.7b). 
In the highly altered andesite, change in permeability does not appear to change as drastically as in the 
moderately altered andesite (Figs. 2.7b, 2.8); however, permeability is noticeably higher in samples treated 
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to > 550 °C, the temperature of the initial (likely clinochlore-quartz) reaction. Thus, under the imposed 
conditions at temperatures below the mineralogical reactions (< 500 °C), microfracturing substantially 
augments permeability, but above the clinochlore-quartz reaction temperature, permeability change is 
driven by microfracturing and mineralogical reaction(s). 
2.5 Implications 
The consequences of these observations may have implications for a range of phenomena and applications 
(e.g. slope stability, seismic interpretation, and geothermal power production), which we evaluate here. 
However, before discussing the potential consequences of the data in this study, we highlight several of 
the characterisation techniques (e.g. porosity, P-wave velocity, S-wave velocity) were performed under 
atmospheric or near-surface conditions (e.g. permeability). The data reported would likely differ slightly if 
characterisation had been completed under the pressure (~20 MPa) and temperature (> 275 °C) conditions 
commonly associated with the Rotokawa andesite reservoir rock. The microfractures created during 
thermal exposure would close as confining pressure increases; therefore, porosity and permeability would 
decrease, while P-wave and S-wave velocities would increase.  
2.5.1 Slope stability 
The data presented in this study suggest porosity increases as treatment temperature increases (Fig. 2.7; 
Table 2.1). Generally, an increase in porosity is associated with a decrease in the strength of hydrothermally 
altered rock (e.g. Wyering et al., 2014; Wyering et al., 2015; Mordensky et al., 2018). Weakening intact rock 
(i.e. rock at the sample scale) contributes to weakened rock masses (Hoek et al., 2013) and may compromise 
the structural stability of a volcanic edifice (e.g. Voight & Elsworth, 1997; Apuani et al., 2005; Moon et al., 
2009). 
Volcanic rocks are frequently exposed to extreme temperatures and alteration; the data we present 
in this study suggests that altered volcanic rock masses can be weakened by temperatures as low as 350 °C 
(Cook et al., 2018; Schaefer et al., 2018). While it is worth noting that Heap et al. (2014b) concluded that 
exposing unaltered andesite to high temperatures (450 °C) over short timescales (60-min) would not greatly 
affect edifice strength and that Rocchi et al. (2004) found temperatures < 600 °C (60-min timescale) would 
not affect the strength of unaltered basalt, these volcanic materials did not contain hydrothermally altered 
materials. This distinction is important because primary volcanics are ubiquitously microcracked (e.g. 
Heap et al., 2014b) as a result of their cooling histories (e.g. David et al., 1999; Vinciguerra et al., 2005). 
Hydrothermal alteration infills and/or seals these microfractures (e.g. Pola et al., 2012; Pola et al., 2014; 
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Wyering et al., 2014, and references therein). Our data suggest that reheating to temperatures as low as 350 
°C over short-time scales (30-min) can permanently damage hydrothermal material through additional 
microcracking (Figs. 2.4, 2.7c; e.g. David et al., 1999) and mineralogical reaction (Figs. 2.5, 2.6; e.g. Siratovich 
et al., 2015b). Therefore, the presence of alteration, especially when infilling original pore space, may 
increase the susceptibility of volcanic rock to thermal weakening. The variation in pre-treatment porosity 
between individual samples precluded the possibility of conducting meaningful strength tests in this study. 
We suggest future research with hydrothermally altered volcanics of similar porosity be conducted in order 
to observe the effect of high-temperature treatment on strength. Nonetheless, mass wasting event deposits 
are already linked with hydrothermally altered volcanics (e.g. Mt. Ruapehu, New Zealand (Hackett & 
Houghton, 1989), Mt. Shasta, USA (Crandell, 1989), Citlaltépetl, Mexico (Carrasco-Núñez & Gomez-Tuena, 
1993) Mt. Rainer, USA (Reid et al., 2001)). Our data suggest that the hydrothermally altered rocks found in 
these mass collapse deposits contributed to the initial failure processes that initiated the mass wasting 
events. 
2.5.2 Geothermal power 
Permeability plays a critical role in geothermal power production (e.g. Cathles, 1977; Norton & Knight, 
1977; Hayba & Ingebritsen, 1997). Our data suggest that the alteration assemblage and the degree of 
alteration of a rock determine the susceptibility of its physical properties (e.g. permeability) to change as a 
result of exposure to high temperature (Figs. 2.4, 2.5, 2.6, 2.7). Both sample suites experience the greatest 
change in permeability at temperatures > 550 °C, but the permeability of the highly altered andesite does 
not appear to be as comparatively affected or correlate as strongly with increasing temperatures (Fig. 2.7). 
Given that alteration zones are several times the dimensions of their heat source, affected by local geology, 
and difficult to map due to poor exposure (e.g. Shanks, 2012), we emphasize the importance of constraining 
the lithologies thermally stressed by geological or industrial development. Our data also suggest that lower 
elastic wave velocities within a lithological unit could indicate zones of potentially higher permeability as 
a consequence of short-lived, high-temperature thermal stressing (Fig. 2.7c; Table 2.1). Therefore, we 
conclude that it is imperative to understand the lithology when attempting to understand how a short-
lived heat source will affect the mechanical and physical characteristics of a rock mass. 
2.6 Conclusion 
In this study, we subject andesite lavas with plagioclase-clinochlore-calcite-quartz and plagioclase-
clinozoisite-quartz-clinochlore alteration assemblages from the Rotokawa Geothermal Field to short-lived 
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thermal input (350–739 °C) at a low thermal gradient (< 2 °C/min) and constant pressure (20 MPa). 
Increasing the thermal stress increased porosity (e.g. 7.8% to 15.1%) and permeability (e.g. 10-18 m2 to 10-17 
m2) while decreasing P-wave velocity (e.g. 4253 to 3368 m/s) in the altered andesites. The effects of the 
thermal stressing appear greater in the altered plagioclase-clinochlore-calcite-quartz andesite than in the 
altered plagioclase-clinozoisite-quartz-clinochlore andesite. Previous studies have suggested that short-
duration excursion to high temperatures of similar duration would not have significant impact on volcanics 
and, thereby, edifice strength, structural stability, and geothermal reservoir operation. Our data suggest 
that hydrothermally altered andesite is more susceptible to mineralogical and microstructural change than 
unaltered andesite to temperature fluctuations. These results demonstrate that the presence of altered 
material in a volcanic edifice may make the edifice more prone to failure upon temperature fluctuations. 
Our data also show that lithology partially controls the degree to which the thermal stresses change the 
permeability in the geothermal reservoir.  
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Figure 2.S1. Spot core photos of RK28 (moderately altered andesite [a]) and RK29 (highly altered andesite 
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Figure 2.S2. X-ray diffraction analyses of altered Rotokawa andesite. (a) Moderately altered Rotokawa 
andesite control (M10). (b) Moderately altered Rotokawa andesite treated at 600 °C. (c) Moderately altered 
Rotokawa andesite treated at 739 °C. (d) Highly altered Rotokawa andesite control (H4). (e) Highly altered 
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Chapter 3 Preamble 
In Chapter 2, I describe a laboratory study in which I thermally stress hydrothermally altered andesite and 
find that temperatures exceeding 700 °C have the strongest influence on the altered rock (lower porosity, 
higher permeability). In the next chapter, I use this data to approach a sub-aerial, fossil hydrothermal 
system and, in doing so, shift our focus from the Rotokawa Geothermal Field to Pinnacle Ridge, Mt. 
Ruapehu, New Zealand, the primary field area of this thesis. In Chapter 3, I present laboratory-derived 
data from a hydrothermal system exposed by glacial dissection (Fig. 1). I use the auspicious display of the 
hydrothermal system to identify the related geotechnical units (Fig. 2 [Fig. 3.15]) and compare the 
mechanical and physical property data of altered host rock with distance to the intrusion. 
Chapter 3 has been published in the Journal of Volcanology and Geothermal Research. This chapter is presented 
in its published format: 
Mordensky, S. P., Villeneuve, M. C., Kennedy, B. M., Heap, M. J., Gravley, D. M., Farquharson, J. I., 
Reuschlé, T. (2018) Physical and mechanical property relationships of a shallow intrusion and 
volcanic host rock, Pinnacle Ridge, Mt. Ruapehu, New Zealand. Journal of Volcanology and Geothermal 
Research 359, 1-20. https://doi.org/10.1016/j.jvolgeores.2018.05.020 
 
Figure 1. Primary site locations specific to the research presented in this study. (a) Sites of the two 
hydrothermal systems in New Zealand. (b) Sites specific to Chapters 3 – 6 at Pinnacle Ridge. Solid black 
polygon marks boundary of the largest young intrusion. Scale is approximate. 
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Figure 2 (Fig. 3.15). Conceptual model of the shallow hydrothermal system from a small intrusion at 
Pinnacle Ridge. This figure serves to introduce the framework and relevance for the geotechnical units 
introduced in Chapter 3. See Chapters 3 and 5 for detailed descriptions of each geotechnical unit. Sketches 
of each geotechnical unit by thin section according to major mineral assemblage and properly scaled 
microfractures are linked to their respective geotechnical units (straight arrows). The general structural 
relationships between geotechnical units are depicted in the larger cartoon model. Fluid transport arrows 
depict preferential flow within brecciated lava margins inside and outside of the alteration halo. 
Geotechnical units and fractures are not to scale.  
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Abstract 
Shallow magmatic intrusions are prevalent in volcanic settings worldwide. Understanding how these 
intrusions interact and influence their volcanic host rocks is therefore relevant to many engineering 
geology, geothermal, and volcanological applications. In this study, we present the most comprehensive 
dataset for a shallow intrusion and its host rock in a volcanic setting to date, detailing the mechanical and 
physical properties of volcanic rocks from Pinnacle Ridge, Mt. Ruapehu, New Zealand. Based on the 
geomechanical properties of 194 measured samples, we identify seven geotechnical units: (1) unaltered 
dense coherent lava, (2) altered dense coherent lava, (3) unaltered brecciated lava margin, (4) altered 
brecciated lava margin, (5) unaltered intrusion, (6) altered intrusion, and (7) hydrothermal veining. We 
detail the mineralogy (andesite compositions ranging from primary to an advanced argillic alteration 
assemblage), porosity (0.7–31%), permeability (10−21–10−12 m2), elastic wave velocities (1994–5615 m/s), 
uniaxial compressive strength (1–332 MPa) of these geotechnical units. Our laboratory analyses indicate 
that primary lithology is the predominant control on the physical and mechanical properties of the 
geotechnical units. Additionally, the data suggest that there is a correlation between distance to the largest 
intrusion; this is particularly evident for the measurements on the brecciated lava margin samples. Towards 
the largest intrusion, this breccia shows decreasing porosity (30.92 to 5.49%) and permeability (10−12 to 10−17 
m2) and increasing elastic wave velocities (1994 to 4157 m/s) and uniaxial compressive strength (3 to 61 
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MPa). Thin-section analysis suggests that these correlations are due to mineral precipitation within 
fractures and pores in the brecciated lava margins. These correlations with distance to the largest intrusion 
are not shared by the altered intrusions or dense coherent lavas. We suggest that the high primary 
permeability of the unaltered breccia facilitated efficient hydrothermal fluid circulation and mineral 
precipitation adjacent to the intrusion. The other geotechnical units are less affected because hydrothermal 
fluid flow, alteration, and mineral precipitation were limited due to low initial permeability (10−21–10−16 m2). 
Our study shows that the initial properties of the host rock (i.e. porosity and permeability) control the 
extent of hydrothermal alteration and the susceptibility to modifications of rock geomechanical properties. 
Modifications to porosity and permeability can influence edifice-scale behaviour; for example, a reduction 
in permeability can result in pore pressure augmentation, which exerts a primary control on volcanic slope 
stability, seismicity, and eruptive behaviour. This study provides the most comprehensive and complete 
geomechanical properties data suite on a shallow intrusion in volcanic host rock to date and will support 
monitoring and modelling of volcanic hazards associated with shallow igneous intrusions. 
3.1 Introduction 
The links between intrusions and volcanic rock properties are poorly understood, despite the prevalence 
of shallow intrusions within volcanoes. The influence of intrusions on host strata is critical to volcanic 
hazards (e.g. Voight, 2000; del Potro and Hürlimann, 2008, 2009) and operation of nearby industrial 
infrastructure (e.g. geothermal power facilities: Rosenberg et al., 2009; Scott et al.,2015). Although the 
physical and mechanical properties of rocks in non-volcanic (e.g. Brace et al., 1966; Byerlee, 1967; Lundborg, 
1968; Vutukuri et al., 1974; Tapponnier and Brace, 1976; Tullis and Yund, 1977) and volcanic (e.g. Saar and 
Manga, 1999; Rocchi et al., 2004; Apuani et al., 2005; Farquharson et al., 2015; Heap et al., 2015a; Schaefer et 
al., 2015) settings has been studied for many decades, we build on recent academic momentum (e.g. Stimac 
et al., 2004; Moon et al., 2005; Pola et al., 2012; Siratovich et al., 2014; Wyering et al., 2014; Heap et al., 2015c, 
2017a; Siratovich et al., 2015; Mayer et al., 2016) and systematically focus on spatially constrained altered 
volcanic rocks. A prerequisite to understanding the rock mass behaviour (i.e. the macro-scale) of the 
geotechnical units that comprise a volcanic edifice is to first understand the intact rock properties at the 
micro- and meso-scale (e.g. Martin and Chandler, 1994; Hoek and Diederichs, 2006). Therefore, the aim of 
this study is to identify the geotechnical units that comprise the shallow fossil geothermal system 
surrounding intrusions at Pinnacle Ridge (Mt. Ruapehu, New Zealand). Samples of these units are then 
characterised in terms of their physical and mechanical rock properties, providing useful constraints for 
geomechanical modelling, both at Pinnacle Ridge specifically, but also in intrusion-hosting volcanic or 
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geothermal environments elsewhere. Our objective is to identify the controls on the physical and 
mechanical properties of the rocks hosting the intrusions to inform future modelling of outgassing of 
magmatic volatiles from the magma-filled conduit (e.g. Collombet, 2009; Collinson and Neuberg, 2012), 
subsurface hydrothermal activity (e.g. Hurwitz et al., 2007; Peltier et al., 2009; Christenson et al., 2010; 
Todesco et al., 2010; Fournier and Chardot, 2012; Scott and Driesner, in press), gas monitoring (e.g. 
Bloomberg et al., 2014; Peiffer et al., 2014), geothermal resources (Scott et al., 2016), and volcano seismicity 
(e.g. Leet, 1988; Nishi et al., 1996; Sherburn et al., 1998; Bean et al., 2014; Chardot et al., 2015). In particular, 
we aim to quantify the changes to the host rock as a function of the distance from the intrusion. To 
accomplish this, we categorize the intrusives and host rock according to their properties and field relations 
to assign geomechanical descriptions and define geotechnical units. We then compare the rock properties 
of these units with distance from the intrusion. 
Magmatic intrusion into volcanic edifices is ubiquitous across an array of edifice sizes and shapes 
(e.g. Mount Kilauea (United States), South Sister (United States), Mt. Ruapehu (New Zealand), Red Crater 
(New Zealand), Mount Vesuvius (Italy), Colima Volcano (Mexico); Sigurdsson et al., 2000; and references 
therein). Intrusions affect volcanic host rock as a result not only of the intrusive process itself, but also by 
the subsequent establishment and persistence of hydrothermal systems. Intrusive events are commonly 
accepted to be driven by buoyancy disequilibria (Thomson and Schofield, 2008), and Vigneresse et al. (1999) 
suggest that local stress patterns—resulting from the interaction of the magma and host rock—exert the 
predominant control on the ultimate depth and geometry of a large intrusion. The local stresses associated 
with intrusive events are complex as they occur in both compressional and extensional environments, and 
the pressures that intrusive magma exerts on its surrounding environment can produce compressional and 
tensile stresses under near-surface conditions (Lipman, 2000; Galland et al., 2003, 2009; Casey et al., 2006). 
Hence, magmatic intrusions are highly variable subsurface structures that exist in several forms. They can 
be planar (e.g. sills and dikes), stocky (i.e. equant) or as amorphous bodies of magma (Vigneresse et al., 
1999; Valentine and Krogh, 2006; Keating et al., 2007; Grant and Bixley, 2011). 
Depending on the size, temperature, magma flux, and longevity of an intrusion—as well as the 
availability of water in and permeability of the host rock—an intrusion may produce a hydrothermal 
system (Hedenquist and Lowenstern, 1994; Hedenquist et al., 1998). Larger intrusions, kilometres in size 
(e.g. 10 km by 15 km), can take ~106 years to cool (e.g. large ultramafic sills; Cathles et al., 1997). Large 
intrusions can therefore foster long-lived, complex hydrothermal systems that can comprehensively change 
the mineralogical and chemical composition of their host rock (Henley and Ellis, 1983; Cathles et al., 1997). 
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Alternatively, small magmatic bodies (e.g. dikes 10 s of metres or less in width) cool relatively quickly (b5 
years; Petcovic and Dufek, 2005). Recent heat conduction modelling has shown that an un-replenished (i.e. 
stagnant) 30 and 100 m-diameter dike containing magma at 940 °C would take almost two years and almost 
20 years, respectively, to completely cool within a host rock at 50 °C (Heap et al., 2017b). Consequently, the 
effect of small dykes and sills on host-rock temperature and, in turn, alteration, is considered relatively 
minor when compared to those of larger systems (Barrington and Kerr, 1962; Quaderer et al., 2016). 
Given the frequent occurrence of intrusions and the attendant generation of stresses within 
volcanic edifices (e.g. Gudmundsson, 2006 and references therein), magmatic intrusions may exert a crucial 
influence on the physical and mechanical properties of the edifice host rock. For example, the porosity of 
volcanic materials (and in turn, their permeability) may increase or decrease as a result of alteration 
imparted by an intrusion (Henneberger and Browne, 1988). Understanding intrusion-induced changes in 
physical and mechanical properties of the host rock is of relevance to numerous volcanic and hydrothermal 
processes (e.g. rock strength, fluid transport, slope stability; e.g. Apuani et al., 2005; Moon et al., 2009; 
Schaefer et al., 2015). 
Pinnacle Ridge (Mt. Ruapehu, New Zealand) presents an ideal site at which to study the effects of 
intrusions on host volcanic strata as the intrusions are uniquely dissected and accessible with a well-
constrained geological history. The results garnered from studying the physical rock properties of Pinnacle 
Ridge can be used to infer relationships between intrusions and the physical and mechanical properties 
produced by intrusions in other regions of the world for a range of geotechnical applications (e.g. Wyering 
et al., 2015). Furthermore, Mt. Ruapehu is a volcano frequently visited by the public and consequently 
presents a risk of landslide, rockfall, and volcanic eruption hazards to its visitors (e.g. Kilgour et al., 2010; 
Cook et al., 2018; Schaefer et al., 2018), and understanding how these small intrusions change the physical 
host-rock properties at Pinnacle Ridge may in turn play a greater role in hazard assessment for the 
continued safe use of Mt. Ruapehu as a recreational area. 
3.1.1 Geological Setting 
Mt. Ruapehu sits at the south end of the Taupō Volcanic Zone (TVZ) on New Zealand's North Island and 
serves as the most southernmost manifestation of the 1375-km Tonga-Kermadec volcanic arc (Fig. 3.1). The 
300 × 60-kmTVZ, delineated by volcanic cones, domes, geothermal fields, hydrothermal vents, and active 
calderas (Wilson et al., 1995; Rowland and Sibson, 2001; Wilson and Rowland, 2016), is a rifted arc basin 
produced by the oblique subduction of the Pacific plate beneath the Indian-Australian plate (Cole, 1990; 
Bibby et al., 1995; Wilson et al., 2009; Rowland et al., 2010; Seebeck et al., 2014; Wilson and Rowland, 2016). 
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Figure 3.1 Location of Pinnacle Ridge on Mt. Ruapehu (green, blue, pink, and yellow), North Island, New 
Zealand and the active TVZ boundaries (dashed black) with the locations of geothermal fields (black), 
active caldera boundaries (black outline), and inferred caldera boundaries (red outline). Major roads for 
reference. Adapted from Hackett (1985), Wilson et al. (1995), Bibby et al. (1995), Rowland and Sibson (2004), 
Kissling and Weir (2005), Rowland et al. (2012), and Wyering et al. (2014). 
Pinnacle Ridge has been subjected only to limited mapping and description in the past (i.e. Hackett, 
1985; Hackett and Houghton, 1985). Hackett (1985) found Pinnacle Ridge to be composed of the Te Herenga 
Formation (~170 ka), the oldest formation of Mt. Ruapehu, exposed in a nearly vertical sequence by 
glaciation (~10 ka; Fig. 3.1). Hackett (1985) described the Te Herenga Fm as a stack of thin lava flows and 
autoclastic breccias radially dipping away from a now-eroded central cone. Te Herenga Fm flows are 
commonly plagioclase- and pyroxene-phyric andesites and basaltic andesites (54.9–58.0 wt% SiO2, 4.4–5.4 
wt% MgO) and are typical of lava flows found on Mt. Ruapehu (Hackett, 1985; Price et al., 2012). Jointed 
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intrusions cut vertically through the dipping volcanic strata. An alteration halo approximately 400 m across 
is made apparent by an orange discolouration and surrounds the largest intrusion (~130 m across; Fig. 3.2). 
From field observations, Hackett (1985) suggested illite, montmorillonite, and minor pyrophyllite replaced 
most of the plagioclase in the altered host rock and intrusives. Pyroxene is replaced by clay and subhedral 
sulphides. Hackett (1985) proposed that the hydrothermal alteration occurred under near-surface 
conditions (approximately 50–500mbelowthe surface) from the hypabyssal textures of the intrusives, brittle 
deformation of the tuff breccias, and deposition of silica and kaolinite around the aureole edge, as is 
common for near-surface, oxidizing hydrothermal systems. 
 
Figure 3.2 Geotechnical units of Pinnacle Ridge. Where possible, units were ground-truthed; however, 
some areas of the ridge were inferred from photography due to limited accessibility arising from terrain 
hazards. Sample locations (numbers) are provided in the main [A] and inset [B] frames. The geotechnical 
units labelled in the key (Unaltered dense coherent lava, Altered dense coherent lava, Unaltered brecciated 
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lava margin, Altered brecciated lava margin, Unaltered intrusions, Altered intrusions, and Hydrothermal 
veining) are defined and described in the Results section of this manuscript. Main Frame [A]: Photo taken 
from 600 m east (bearing 270°) of the largest intrusion of Pinnacle Ridge. North is frame-left. Foreground 
is composed of Whakapapa lavas on which sits the resort café (bottom, left of centre). Inset [B]: The inset is 
an aerial perspective to display data for features behind the largest intrusion which are not visible from the 
profile perspective. North is frame-up. 
3.2 Methods 
3.2.1 Sampling geotechnical units 
Four field expeditions between 2015 and 2018 at Mt. Ruapehu identified the volcanic geotechnical unit 
classifications in line with those established by del Potro and Hürlimann (2008); however, where del Potro 
and Hürlimann (2008) define geotechnical units by rock mass, this study focusses on the intact (i.e. sample-
scale) rock properties. We have subdivided these rocks according to their physical and mechanical 
properties and slightly modify their classification to keep our classifications more character descriptive and 
less process driven (i.e. “lava flow core” of del Potro and Hürlimann (2008) is equivalent to “coherent dense 
lava”, and “autoclastic breccia margin” is equivalent to “brecciated lava margin”). Each geotechnical unit 
was further sub-classified as altered or unaltered based on field and thin-section mineral and textural 
observations. We collected samples from 35 locations over a range of distances (<100 m to >500 m) to the 
large intrusion of Pinnacle Ridge in the Te Herenga Formation (Fig. 3.2) for laboratory analyses. In order 
to reduce the probability of damaging the internal structure of the samples, blocks were collected without 
striking blows from a hammer. Instead, chisels and wedges were used to pry in situ rock away from the 
surface. The collected blocks were drilled in the laboratory with a 20-mm diamond bit and ground to a 
nominal length of 40 mm to produce between one to seven sample cores per block (depending on the size 
of the initial blocks). Attention was given to ensure that the bored cores did not include weathering rinds. 
Excess material was returned to Mt. Ruapehu to comply with the permitting agreement and to respect local 
cultural sensitivity. 
3.2.2 Alteration and mineral identification 
We describe the extent of alteration as fresh, light, moderate, heavy, and complete, as described in British 
Standard 5930 and used in other studies of hydrothermal altered volcanic materials (e.g. Watters and 
Delhaut, 1995; Shanks, 2012). A TerraSpec Spectrometer was used to identify the alteration products. The 
TerraSpec is designed for non-destructive mineral identification in mining and geology applications and 
has proved to be a reliable and tested method to this end (e.g. Simpson et al., 2006, Simpson et al., 2009; 
Kerr et al., 2011; Simpson, 2015). We manually discerned and identified the minerals by spectra form, 
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clarity, and intensity produced by each of the tested samples. When samples were too dark, the results are 
termed aspectral. Aspectral results do not suggest a lack of alteration materials, only that the particular 
sample was too dark for TerraSpec analysis to be a reliable mineral identification technique.  
3.2.3 Porosity & density 
The dry mass of each sample was measured after drying cores in an oven at 60 °C for a minimum of 48 h. 
Thereafter, all samples were saturated with distilled water, again for a minimum of 48 h. Measuring their 
saturated and saturated-immersed weights then allowed the determination of the bulk (water-saturated) 
density and connected water porosity based on the Archimedes principle (e.g. Gueguen and Palciauskas, 
1994; Ulusay and Hudson, 2007). 
3.2.4 Permeability 
Given the wide range of sample permeability and the limitations of individual permeameters, three 
permeameters were used to evaluate the sample suite. The consistency of data between the three 
permeameters suggests there was no inherent bias in any one permeameter. 
All samples were oven-dried at 60 °C for at least 48 h prior to permeability analysis and were left 
to equilibrate under confining conditions for at least 1 h before measurements commenced to allow time 
for the samples' microstructure to equilibrate with the applied confining pressure. 
3.2.5 Steady-state permeametry 
For the relatively high-permeability samples (>10−17 m2), permeability was collected using a steady-state 
Vinci Technologies benchtop permeameter interfaced with a Bronkhorst El-Flow volumetric flowmeter at 
the Université de Strasbourg (see Farquharson et al., 2016; Heap and Kennedy, 2016). The steady-state 
permeameter records the volumetric flow rate through the sample core, driven by the imposed pressure 
differential of an inert pore fluid (argon) upstream and ambient atmospheric pressure downstream. 
Samples were radially confined at 1 MPa in order to prevent fluid flow around the sample's edge. Flow 
rate measurements were collected at several pressure gradients, allowing permeability to be calculated 









where p is the pressure, L is the length of the sample, A is the cross-sectional area, kD is the gas permeability, 
μ is the dynamic viscosity coefficient of the pore fluid, and Q is the discharge volume per time (i.e. flow 
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rate). Forchheimer and Klinkenberg corrections were applied when appropriate (see Appendix 3.A.1). All 
measurements were collected at room temperature.  
3.2.6 Pulse decay permeametry 
For samples with a permeability of <10−17 m2, measurements were collected using either of two pulse decay 
permeameters: a Core Laboratories PDP-200 at the University of Canterbury and a custom-built prototype 
at the Université de Strasbourg. Both permeameters are similar in principle and in practice. 
Samples were placed in Viton® fluoroelastomer sleeves between two steel end-caps. All samples 
were subject to an effective pressure (herein we assume that the effective pressure is simply the confining 
pressure minus the pore pressure) of ~2 MPa. Additionally, we ran representative samples of each major 
geotechnical unit under 2, 4, 7, 9, and 14 MPa effective pressure to observe how permeability changes with 
effective pressure. In the case of the Canterbury Pulse Decay Permeameter (PDP), the confining pressure 
was applied by oil. In case of the Strasbourg permeameter, the confining pressure was applied by distilled 
water. Although the pulse-decay analyses at Canterbury and Strasbourg operated at temperatures (30 °C 
and ~17 °C, respectively) the permeability measurements between the two apparatuses were consistent. 
Both permeameters used the transient, pulse-decay method, in which the change in differential 
pressure was monitored over time. Both apparatuses used the ambient atmospheric pressure as the 
downstream pressure. The maximum pressure differential between the upstream and downstream 













in which kgas is gas permeability, η is the viscosity of the pore fluid, Δt is change in time, L is the length of 
the sample, A is the cross-sectional area of the sample, Vup is the volume of gas in the upstream reservoir 
and piping, pup is the pressure of the gas in the upstream reservoir and piping, and pdown is the pressure of 
gas in the downstream reservoir and piping. Δpup is the change in pup during elapsed time. While pdown 
remained constant, pup decreased, which decreased Δpup and produced a decrease in mean pore pressure. 
As with the steady-state permeameter, Klinkenberg corrections were applied when appropriate. 
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3.2.7 Acoustic wave velocities and dynamic elastic moduli 
Compressional wave velocities (Vp) and shear wave velocities (Vs) were collected using a GCTS CATS 
interfaced with transducer-mounted piezoelectric quartz crystals operating at a 900 kHz resonance 
frequency and a 20 MHz-pulse acquisition rate with a minimum of 100 waveforms per compression wave 
type per sample. To collect dry and water-saturated velocities, the acoustic wave analyses were completed 
in two stages: 1) after drying at >40 °C for longer than 48 h; and 2) after being submerged in water under 
vacuum for longer than 72 h. Dynamic deformation moduli (see Appendix 3.A.2) were determined 
according to ISRM standard (Ulusay and Hudson, 2007). All measurements were collected at room 
temperature (17–30 °C). 
3.2.8 Uniaxial compressive strength 
We collected uniaxial compressive strength (UCS) measurements with a Technotest 3000 kN servo-
controlled loading frame. Three types of experiment were performed: 1) we assigned each geotechnical 
unit a representative plug to which we attached 20 mm Tokyo Sokki Kenkyuujo Co. Ltd. gauges with a 
2.12-gauge factor, two vertically for axial strain and two laterally for radial strain. These samples were 
subject to a constant load rate specific to each sample to ensure failure within 5–10 min of loading in order 
to determine the static elastic moduli of the geotechnical units according to ISRM standard (Ulusay and 
Hudson, 2007); 2) we outfitted another representative plug from each unit with two lateral strain gauges 
to measure lateral strain and a linear-variable displacement transducer (LVDT) extensometer to measure 
axial strain. These samples were deformed at a constant strain rate of 1.0 × 10−5 s−1. We chose this strain rate 
in order to directly compare our results to those of other volcanic suites (e.g. Siratovich et al., 2014; Heap 
et al., 2015b); and 3) we tested the remaining samples using only an LVDT extensometer at a constant strain 
rate of 1.0 × 10−5 s−1. Static deformation moduli (see Appendix 3.A.3) were determined by ISRM standard 
(Ulusay and Hudson, 2007). All measurements were collected at room temperature. 
3.3 Results 
3.3.1 Field and thin-section observations 
We categorize Pinnacle Ridge into seven geotechnical units. Six, consisting of altered and unaltered lavas 
and intrusions, modifying those defined in del Potro and Hürlimann (2008). We also add a seventh unit 
comprised of hydrothermal vein material because of the potential importance of hydrothermal veining on 
the behaviour of the ridge. 
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The Te Herenga Formation is predominantly composed of altered and unaltered andesitic lava 
flows and intrusions, appearing dark grey and dark brown to orange-brown in fresh outcrop. The flows 
slope away from a topographic high (no longer present) centred near the modern resort café (−39.252332, 
175.564062; Hackett, 1985). The layered Te Herenga deposits display variable thickness (1–3 m) with varied 
amounts of vesiculation and discontinuities. A 500 m-wide altered zone in the Te Herenga lavas surrounds 
a ~130 m wide intrusion exposed as a prominent 100 m-tall cliff face visible from the western exposure of 
Pinnacle Ridge (Fig. 3.2). Several smaller (metre-scale) intrusions populate the ridge in and outside the 
altered zone, but no visible alteration surrounding these smaller intrusions was observed. The phenocryst 
assemblage of the intrusions is similar to the lavas and is described in greater detail below. Within the 
alteration zone, cross-cutting relationships display at least two generations of intrusions, with the older 
generation exhibiting evidence of alteration. 
Hydrothermal veining, where visible, is often <10 cm wide and observable only from a distance 
due to hazardous terrain. A single vein, ~1 m across, composed of kaolinite, albite, and smectite, is 
reasonably accessible and we adopt it as a representative exposure of hydrothermal veining for the 
purposes of our study. Although hydrothermal veining appears to constitute <0.01% of the volume of 
Pinnacle Ridge, understanding its physical rock properties may be critical to understanding the mechanical 
properties of the ridge, as the veining could serve to create planes of structural weakness or barriers 
to/conduits for fluid flow. 
The Te Herenga lavas can be divided into two predominant geotechnical units: 1) dense coherent 
lava and; 2) brecciated lava margins interlayered with the dense coherent lavas. We further categorize the 
geotechnical units by the presence or absence of alteration. Therefore, we classify and describe the 
geotechnical units of Pinnacle Ridge as: unaltered dense coherent lava (UDCL), altered dense coherent lava 
(ADCL), unaltered brecciated lava margin (UBLM), altered brecciated lava margin (ABLM), unaltered 
intrusions (UI), altered intrusions (AI), and hydrothermal veining (HV; Fig. 3.2). Each geotechnical unit is 
detailed below. In the following section, we detail the characteristics of the seven geotechnical units. The 
discontinuity characteristics of the geotechnical units will be described in a forthcoming study. 
3.3.1.1 Unaltered dense coherent lava (UDCL) 
UDCL form the grey to dark-grey 1–3 m high cliffs outside of the orange alteration halo surrounding the 
largest intrusion at Pinnacle Ridge (Fig. 3.2). UDCL are interlayered with UBLM. UDCL appears unaltered 
with no obviously visible porosity (Fig. 3.3a). Unsurprisingly, the primary mineralogy of UDCL is identical 
to UBLM and UI. Thin-section analysis shows that the unaltered lavas appear to be primary porphyritic 
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hosting predominantly plagioclase-, pyroxene-, glass- bearing groundmass (<10 μm) and traces (<1%) of 
pyrite (<50 μm) with pyroxene glomerocrysts (0.5 cm to >3 cm), characteristically consistent to the 
composition and texture reported in prior studies of the Te Herenga Formation (Fig. 3.4a; e.g. Hackett, 
1985; Conway et al., 2016). UDCL phenocryst sizes (~500 μm) are similar to those of UI. Microfracturing 
(<5 μm across and >100 μm long) appears limited and isolated. There is no evidence of alteration. 
 
Figure 3.3 Sample cores of the geotechnical units of Pinnacle Ridge. Collection sites are in Fig. 3.2. (A) UDCL 
samples appear coherent with no visible alteration. (B) This ADLC sample displays a fracture at the bottom 
of the sample. Alteration is not apparent at the sample scale. (C) UBLM hosts relative high porosity visible 
at the sample scale. (D) ABLM hosts smectite-group clay alteration products that fill the pore space. (E) UI 
samples appear coherent with no visible alteration. (F) AI samples appear coherent at sample scale. 
Alteration is visible in patches along paths of fluid flow. (G) HV samples host isolated pore volumes and 
fractures (bottom left). See Section Field and Thin-Section Observations for full descriptions. 
3.3.1.2 Altered dense coherent lava (ADCL) 
ADCL are found inside the alteration halo at Pinnacle Ridge and are interlayered with ABLM (Fig. 3.2). 
The similarities of the ADCL and the UDCL are apparent in thin-section (e.g. similar phenocryst crystal 
size, frequency, and distribution). The ADCL cores differ from those of UDCL only by slight discoloration 
of intact rock. Alteration is most apparent in ADCL cores along discontinuity boundaries as a variation in 
colour (Fig. 3.3b). TerraSpec analysis confirms advanced argillic alteration (i.e. smectite and kaolinite clays). 
Thin-section analysis reveals that the pervasiveness of the advanced argillic alteration is not extensive nor 
complete in ADCL. Rather, alteration is light to light-moderate with observable remnants of primary 
textures and mineralogy (Fig. 3.3b; British Standard, 2007). UDCL and ADCL differ as a result of surficial 
advanced argillic alteration of the phenocrysts, partial or complete alteration of the groundmass, and 
surficial alteration along fracture boundaries in ADCL. Although this study does not quantify the 
microfracture density, ADCL hosts a visibly higher microfracture density in its phenocrysts and 
groundmass with wider (>10 μm) and longer (>200 μm) microfractures than UDCL (Fig. 3.4b). 
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Figure 3.4 Photomicrographs [UDCL (024), ADCL (019), UBLM (025), ABLM (018), UI (003), AI (005c), HV 
(027)] under cross-polarized light. Crystals (Plag – Plagioclase, Sme – Smectite, Alb – Albite, CPX – 
Clinopyroxene, Opq – Opaque) and factures are identified. Collection sites are in Fig. 3.2. The sample 
preparation of UBLM was biased towards a stronger, more coherent piece of rock as UBLM is easily broken 
with minor hammer strikes by hand in the field. A stronger sample was selected for thin-section analysis 
so as to survive the sample preparation. Hence, the image of UBLM provided in this study does not likely 
represent the true porosity of UBLM (i.e. porosity by the triple weight method appear >25%, whereas thin-
section observation appears <10%). See Section Field and Thin-Section Observations for full descriptions. 
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3.3.1.3 Unaltered brecciated lava margin (UBLM) 
UBLM are interlayered with UDCL outside the alteration halo. Hydrothermal alteration is non-existent to 
light. UBLM forms grey to dark grey, low-angled 1–3 m high slopes (Fig. 3.2) between the more vertical 
UDCL units and appears brecciated at the outcrop scale. The breccia is matrix supported with sub-angular 
to angular clasts varying from <1 cm to 10 s of cm across. At the sample-scale, UBLM porosity appears to 
be dominated by vesicles (~1 mm in diameter; Fig. 3.3c); however, thin-section analysis also reveals the 
presence of <5 μm microfractures in the phenocrysts and matrix. UBLM is similar in mineral assemblage to 
UDCL in thin-section (Fig. 3.4c) with similar phenocryst crystal size, predominant composition, frequency, 
and distribution. 
3.3.1.4 Altered brecciated lava margin (ABLM) 
ABLM is interlayered with ADCL in a similar fashion as UBLM is interlayered with UDCL. ABLM is 
distinct from a distance by its yellow, orange, and red gradual slopes in the otherwise monochromatically 
grey andesite setting (Fig. 3.2). Like UBLM, the ABLM is matrix supported with sub-angular clasts varying 
from <1 cm to 10 s of cm across. ABLM cores host noticeably less porosity than UBLM cores (Fig. 3.3d). 
Alteration products are visible filling several pore spaces creating a discoloured, patchy texture in the 
sample core. In thin-section, ABLM hosts a moderately- to heavily-altered porphyritic texture (Fig. 3.4d). 
Like in ADCL, TerraSpec analysis finds alteration products consist predominately of smectite and kaolinite 
in ABLM. Unlike ADCL, the thin-section observations show that the matrix and clast groundmass as well 
as the free-surface boundaries (e.g. fractures and pores) are altered in many ABLM samples. Where 
preserved, the crystals in the matrix appear to be of similar composition and size as UBLM, UDCL, and 
ADCL. The porosity of ABLM is lower than that of UBLM. Instead, smectite appears to fill pore spaces. 
Similarly, microfracturing is not visible in the altered ABLM groundmass; however, microfracturing in the 
remaining phenocrysts has similar frequency of distribution and random orientation as UBLM. 
3.3.1.5 Unaltered intrusions (UI) 
UI forms the large cliff faces inside the alteration halo and several smaller cliff faces inside and outside the 
alteration halo (Fig. 3.2). Intrusions appear in two forms in the field area: 1) dikes (2–5 m across; e.g. UI of 
PR3; see Fig. 3.2); and 2) stocky intrusions (e.g. 10–130 m across; UI of 001; see Fig. 3.2). Dikes are planar 
structures with high length-width aspect ratios, whereas stocky intrusions are defined dimensionally by 
low-aspect ratios. Dikes appear ubiquitously distributed inside and outside the alteration halo, while 
stocky intrusions appear only within the alteration halo. UI appears as grey, nearly vertical outcrops that 
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form prominent topographical features. The largest UI in the field area cuts across ABLM, ADCL, and AI. 
Columnar joints with ~50 cm spacing are present in the dikes. Long (>10 m), sub-vertical cooling fractures 
are present in the larger, stocky intrusions. UI has the lowest porosity of all the geotechnical units, with no 
visible vesicles/pores from field observation. At the sample-scale, UI cores appear similar to UDCL with no 
immediately visible alteration or porosity (Fig. 3.3e). The mineral compositions of the groundmass and 
phenocrysts are similar to the UDCL, but the groundmass crystals appear coarser (>10 μm) than UDCL 
(Fig. 3.4e). The primary mineralogy and textures remain unaltered. Alteration minerals are nearly non-
existent with exception of the margin of the largest UI, where TerraSpec analysis confirmed smectite. While 
isolated, <5 μm microfractures are prevalent in phenocrysts; these fractures do not continue into the 
groundmass. With no observed pores, these predominantly isolated microfractures constitute the majority 
of the void space in UI. 
3.3.1.6 Altered intrusions (AI) 
AI do not form the same prominent topographic features as UI (Fig. 3.2) and are found only within the 
alteration halo, primarily adjacent to UI. Instead, AI outcrops form gradually sloping, orange-grey faces 
and do not display the apparent ~50 cm-spaced joints of UI. Sample cores of AI appear to have more 
porosity than those of UI. Alteration appears preferentially along fractures (Fig. 3.3f). Thin-section analysis 
shows that AI hosts the same primary lithology and primary texture as UI, but differing degrees of 
alteration (Fig. 3.3f). In thin-section, alteration appears to be preferential in clinopyroxene crystals and, to 
a lesser extent, free surface boundaries (i.e. fracture and pore surfaces). While vesicles are not visible in 
thin-section, as they are with UI, the microfractures in AI appear wider (>10 μm) than in UI and these larger 
microfractures cut through the groundmass and link together. TerraSpec observations show that the 
alteration products consist of kaolinite and smectite (montmorillonite). The porphyritic texture and fabric 
of the primary magmas remains visible. Thin-section analysis reveals microfractures not observed in UI 
(Fig. 3.4e,f). 
3.3.1.7 Hydrothermal vein (HV) 
Hydrothermal veining is not pervasive along Pinnacle Ridge, but minor veining is found within 50  m to 
the east of the largest UI. Most veining is immediately adjacent (<50 m) to the intrusion and <20 cm wide in 
the ADCL and ABLM host rock. Unfortunately, these veins are inaccessible to measure or sample due to 
terrain hazards. HV forms a local topographic low where exposed (Fig. 3.2). It is possible that more 
hydrothermal veining is present within the alteration halo, but its scale and surface weathering make it 
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difficult to identify where the ridge is not safely accessible. However, a single vein 1-m thick runs several 
tens of metres sub-parallel to the ridge ~50 m to the east of the largest UI. Sample cores reveal that fractures 
<1 mm in width (Fig. 3.3g). The vein material is distinctly white. Thin-section observation shows that it is 
composed of albite grains (<0.25 mm) in a matrix of aphanitic kaolinite (identified by TerraSpec). The 
kaolinite constitutes the majority (>90%) of the hydrothermal vein with a minor smectite component (Fig. 
3.4g). 
3.4 Physical characterization 
3.4.1 Porosity and permeability 
The connected porosity of the Pinnacle Ridge host rock ranges from <1% to >30%. The unaltered 
geotechnical units have a narrower connected porosity range than that of the altered geotechnical units 
(Fig. 3.5; Tables 3.1, 3.S1). UI has the lowest connected porosity (0.71–11.23%). UDCL porosity is marginally 
higher (1.93–9.41%). The lower connected porosities of ADCL (2.41–24.59%) and AI (1.30–20.01%) overlap 
with the higher UI and UDCL porosities. UBLM exhibits the highest connected porosity (25.06–30.92%) and 
is the only unaltered geotechnical unit to have higher connected porosity than its altered counterpart, 
ABLM (5.49–28.99%). HV porosities overlap (10.94–23.78%) with AI and ABLM (Fig. 3.5). 
Connected porosity generally correlates with permeability: low-porosity samples are low-
permeability, and high-porosity samples are high-permeability (Fig. 3.6). As with porosity, UI has the 
lowest permeability (10−21–10−16 m2) while UBLM has the highest permeability (10−13–10−12 m2; Fig. 3.6; Tables 
3.1, 3.S1). The most significant deviations from the porosity-permeability relationship are the six AI samples 
(unfilled pink triangles; Fig. 3.6) and HV samples (unfilled black diamonds; Fig. 3.6), which have a lower 
permeability (10−18–10−16 m2) than their connected porosity (3.78–14.37%) would suggest (Fig. 3.6). 
Samples containing smectite are typically associated with the widest range of porosity (0.71–
28.99%) and (10−19–10−14 m2) permeability values (see Table 3.S1). Kaolinite is more common in higher 
porosity (2.41–28.99%) samples and also covers a wide range of permeability (10−18–10−14 m2). HV, composed 
almost entirely of kaolinite, has lower permeability when compared to other samples with similar 
porosities (Fig. 3.6; Table 3.S1). 
When comparing connected porosity and permeability to distance from the largest intrusion, there 
does not appear to be a correlation for most of the geotechnical units; however, ABLM displays a 
convincing positive correlation between connected porosity and distance (unfilled yellow circles; Fig. 3.7) 
and permeability and distance (unfilled yellow circles; Fig. 3.8). As distance to contact with the largest 
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intrusion increases from 20 m, the nearest ABLM sample location, to 237 m, the farthest ABLM sample 
location, porosity increases from 5.49–8.94% to 25.40–28.99% and permeability increases several orders of 
magnitude from 10−17–10−16 m2 to 10−15–10−14 m2 (Figs. 3.7, 3.8). 
 
Figure 3.5 Connected porosity (n = 191) grouped according to the seven geotechnical units identified at 
Pinnacle Ridge (see text for details). Standard Error ≤ 1% of the reported values. 
3.4.2. Permeability under varied confining pressure 
We performed measurements of permeability on selected samples under effective pressures (peff) between 
2 and 14 MPa (3–15 MPa confining pressure (pc) at ~1 MPa pore pressure (pp), assuming a simple effective 
pressure law where peff = pc − pp. The measured permeability of volcanic materials is influenced by the 
effective pressure under which the measurements are performed (Table 3.2). Permeability decreases with 
increased confining pressure for all lithologies (Fig. 3.9). This decrease is especially pronounced at low 
effective pressures (i.e. from peff = 2 to peff = 4MPa). In all but two samples, the initial decrease between 2 
and 4 MPa effective pressure is approximately half an order of magnitude, after which samples exhibit 
relatively little permeability decrease with incrementally higher confining pressures. The stocky UI 
sample undergoes a more pronounced decrease relative to samples from other lithologies, exhibiting a 
reduction in permeability nearly two orders of magnitude when effective pressure is increased from 2 to 
7 MPa. 
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Geotechnical Unit Porosity (%) Density (kg/m3) Permeability (m2) 
  mean std mean std mean std 
UDCL 4.39 2.58 2630 106 3.51 x 10-17 6.49 x 10-17 
 (16) (16) (16) 
ADCL 10.79 6.45 2330 255 3.13 x 10-15 7.44 x 10-15 
 (59) (59) (58) 
UBLM 28.24 2.46 1911 63 8.84 x 10-13 5.69 x 10-13 
 (6) (6) (3) 
ABLM 16.86 5.72 2161 189 9.87 x 10-15 1.16 x 10-14 
 (33) (34) (30) 
UI 3.73 3.1 2645 144 3.81 x 10-17 1.23 x 10-16 
 (41) (41) (40) 
AI 9.81 7.02 2523 171 2.44 x 10-16 9.03 x 10-16 
 (28) (28) (27) 
HV 16.64 4 1926 99 2.72 x 10-17 4.59 x 10-17 
 (8) (8) (8) 
Table 3.1 Physical property averages from Pinnacle Ridge. Numbers in parenthesis provide the sample size 
for the geotechnical unit for the analysis. The permeability values have been corrected for Klinkenberg and 
Forchheimer effects where appropriate. See Table 3.S1 for complete dataset. 
 
Figure 3.6 Permeability as a function of connected porosity (n = 181), distinguished according to the seven 
geotechnical units identified at Pinnacle Ridge (see text for details). Standard Error ≤ 1% of the reported 
values. 
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Figure 3.7 Porosity versus distance to the largest intrusion observed at Pinnacle Ridge. The ABLM trendline 
serves as a visual guide for the relationship between ABLM porosity and distance to the largest intrusion. 
Standard Error ≤ 1% of the reported values. 
 
 
Figure 3.8 Permeability versus distance to the largest intrusion observed at Pinnacle Ridge. The ABLM 
trendline serves as a visual guide for the relationship between ABLM permeability and distance to the 
largest intrusion. Standard Error ≤ 1% of the reported values. 
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Figure 3.9 Confining pressure (depth) versus permeability with pore pressure (1 MPa) held constant. 
Numbers in the parentheses indicate sample number. Sample locations are available in Fig. 3.2. Standard 
Error ≤ 1% of the reported values. 
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Geotechnical Unit   UDCL 
 ADCL  ABLM  UI (dike)  UI (stocky)  AI  HV UBLM 
Sample   021-6 
 013-3  RUA3-3  030-3  004-3  005D1  027-2 025-7 
Confining Pressure 3 1.36 × 10-16   1.57 × 10-17   5.79 × 10-16   4.08 × 10-18   6.95 × 10-19   4.10 × 10-17   5.64 × 10-19 3.67 × 10-13 
  5 8.19 × 10-17   9.37 × 10-18   5.07 × 10-16   1.34 × 10-18   3.19 × 10-20   1.93 × 10-17   3.52 × 10-19 2.80 × 10-13 
  8 7.62 × 10-17   6.39 × 10-18   3.76 × 10-16   9.11 × 10-19   4.93 × 10-21   1.41 × 10-17   5.02 × 10-19 2.59 × 10-13 
  10 5.45 × 10-17   5.63 × 10-18   3.17 × 10-16   7.77 × 10-19   3.90 × 10-21   1.19 × 10-17   3.73 × 10-19 2.43 × 10-13 
  15 5.07 × 10-17   5.14 × 10-18   2.26 × 10-16   5.60 × 10-19   b.d.l.   8.68 × 10-18   2.63 × 10-19 2.36 × 10-13 
 
Table 3.2 Permeability at different confining pressures. Pore pressure (1 MPa) is held constant while confining pressure varied (i.e. 3, 5, 8, 10, and 
15 MPa). b.d.l. – below detectable limits (<10−22 m2). Sample locations are available in Fig. 3.2. Standard Error ≤ 1% of the reported values.
CHAPTER 3: PHYSICAL AND MECHANICAL PROPERTY RELATIONSHIPS OF A SHALLOW INTRUSION 75 
3.4.3 Elastic wave velocity 
Elastic P-wave and S-wave velocities are inversely related to porosity (see Appendix 3.B.1). Dense, 
unaltered materials (i.e. UI and UDCL) have the highest P-wave velocities (~5600 m/s and ~5000 m/s, 
respectively), whereas the UBLM have the lowest P-wave velocities (~2400 m/s; Fig. 3.B.1; Table 3.3). The 
samples containing alteration (i.e. ABLM, AI, ADCL, and HV) have P-wave velocities (2406–4157 m/s, 
3271–5388 m/s, 2471–4952 m/s, and 2718–4184 m/s, respectively) between the two unaltered end-members 
and strongly overlap among themselves. The dynamic Young's moduli have a similar relative distribution 
as the P-wave velocity data with UI having the highest (22.8–61.3 GPa) and UBLM having the lowest (3.6–










  mean std mean std mean std mean std 
UDCL 4472 410 2339 267 0.31 0.04 39 9 
 (16) (16) (16) (16) 
ADCL 3701 734 1948 435 0.3 0.04 26 12 
 (59) (59) (58) (59) 
UBLM 2390 409 960 125 0.39 0.05 5 1 
 (6) (6) (6) (6) 
ABLM 3112 458 1603 222 0.32 0.02 16 5 
 (33) (33) (33) (33) 
UI 4767 473 2480 283 0.31 0.03 44 10 
 (41) (41) (41) (41) 
AI 4118 576 1991 362 0.33 0.05 28 11 
 (28) (28) (27) (28) 
HV 3224 431 1558 156 0.33 0.06 14 2 
 
(8) (8) (8) (8) 
 
Table 3.3 Water-saturated elastic wave velocities and dynamic modulus averages of geotechnical units from 
Pinnacle Ridge. Numbers in parenthesis provide the sample size for the geotechnical unit for the analysis. 
See Table 3.S1 for complete dataset. 
3.4.4 Uniaxial compressive strength (UCS) data 
The distribution of the of UCS by geotechnical unit (Fig. 3.10) is approximately inverse to the distribution 
of porosity by unit (Fig. 3.5) with dense, unaltered material (i.e. UI and UDCL) serving as an upper UCS 
limit (73–332 MPa and 60–257 MPa, respectively), UBLM serving as a lower UCS limit (3–7 MPa), and the 
altered geotechnical units (ABLM, AI, ADCL, and HV) between the two extremes with overlap among 
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themselves (1–61 MPa, 45–297 MPa, 6–215 MPa, and 20–71 MPA, respectively; Table 3.4). The values of UCS 
for the ABLM appear to be inversely related to distance to the largest intrusion with a UCS of 8–18 MPa at 
237 m from the intrusion and 44–61 MPa 20 m from the intrusion (Fig. 3.11). The static Young's moduli 
mirror the relative relationships of the dynamic Young's modulus by geotechnical unit classification (see 
Appendix 3.B.3). 
 
Figure 3.10 Uniaxial compressive strength (n = 159) grouped according to geotechnical unit. Standard Error 
≤ 1% of the reported values. 
 
Geotechnical Unit UCS (MPa) Static Young’s Modulus (GPa) Static Poisson Ratio 
  mean std mean std mean std 
UDCL 162 66 26 6 0.17 0.09 
 (15) (15) (3) 
ADCL 77 53 20 9 0.23 0.13 
 (50) (47) (14) 
UBLM 5 2 2 0   
 (3) (2)   
ABLM 35 15 9 4 0.25 0.15 
 (29) (25) (5) 
UI 168  58 29 10 0.18 0.06 
 (38) (36) (10) 
AI 101 64 20 10 0.22 0.05 
 (21) (19) (5) 
HV 54 29 9 1 0.17 0.03 
 
(3) (3) (2) 
 
Table 3.4 Uniaxial compressive strength and static elastic modulus averages of geotechnical units from 
Pinnacle Ridge. Numbers in parenthesis provide the sample size for the geotechnical unit for the analysis. 
See Table 3.S1 for complete dataset. 
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Figure 3.11 UCS versus distance to the largest intrusion observed at Pinnacle Ridge grouped by 
geotechnical unit. The ABLM trendline serves as a visual guide for the relationship between ABLM UCS 
and distance to the largest intrusion. Standard Error ≤ 1% of the reported values. 
In summary, when altered, the coherent lava and intrusion increase in porosity and permeability, 
and decrease in elastic wave velocity and strength. In contrast, when altered and with increasing proximity 
to the intrusion, the lava breccias decrease in porosity and permeability and increase in elastic wave 
velocity and strength. Finally, the hydrothermal vein (HV) tested has distinct physical and mechanical 
properties compared to the other volcanic rocks. 
3.5 Discussion 
3.5.1 Alteration 
The largest source of variability in our measurements is sample heterogeneity. All samples are 
heterogeneous to some degree, as is inherent to sampling volcanic materials (e.g. Apuani et al., 2005; Batzle 
et al., 2006; del Potro and Hürlimann, 2008). For example, the permeability of cores from the same sample 
block, drilled centimetres from each other, can vary by several orders of magnitude (e.g. Table 3.S1). 
Because hydrothermal alteration is produced by the interaction of warm to hot, ion-rich fluids and rock, it 
can lead to dissolution, deposition, and secondary mineralization (e.g. Frank, 1995; Finizola et al., 2002; 
Hurwitz et al., 2002; Hase et al., 2005; Pola et al., 2012, Pola et al., 2014), filling pores and cracks; therefore, 
there is no systematically measurable difference in alteration intensity between samples because it is 
masked by the heterogeneous modification of the primary porosity. Depending on the temperature of 
alteration, the physical properties are variably affected by the hydrothermal alteration process (Wyering et 
al., 2014; and references therein). At Pinnacle Ridge, we observe advanced argillic alteration throughout 
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the entire alteration halo. The implications of this alteration assemblage on the physical rock properties are 
discussed below. 
3.5.2 Advanced argillic alteration and rock properties 
The altered samples from Pinnacle Ridge show evidence of a smectite-group clay and kaolinite alteration 
assemblage. While we do not observe textural evidence of retrograde alteration, the smectite-kaolinite 
mineral assemblage we observe is consistent with pervasive advanced argillic alteration, which is typical 
of high-sulfidation, higher temperature, very acidic fluids in high-terrain composite cone environments 
(c.f. Henley and Ellis, 1983; Hedenquist and Lowenstern, 1994) and is expected given the temperature of 
andesitic magmas (e.g. >750 °C; Taylor et al., 1975). Alteration producing smectite-group clays is typically 
associated with an increase in porosity (e.g. Wyering et al., 2014; and references therein). Indeed, ADCL 
and AI have a higher porosity than their respective unaltered equivalents, UDCL and UI (Fig. 3.5). Porosity 
and microstructure act as a first-order control on other rock properties (e.g. permeability, elastic wave 
velocity, UCS) in altered and unaltered rock (Walsh and Brace, 1966; Heap et al., 2015a). Consequently, the 
permeability of ADCL and AI is higher than that of UDCL and UI (Figs. 3.6, 3.12b,c; Table 3.1), P-wave 
velocities of ADCL and AI are lower than those of UDCL and UI (Figs. 3.B.1, 3.B.2; Table 3.3), and the UCS 
of AI and ADCL are lower than those of UI and UDCL (Fig. 3.10; Table 3.4). The change in these mechanical 
and physical rock properties is primarily a consequence of increased frequency and widening of 
groundmass-hosted microfractures in AI and ADCL (Fig. 3.4b,f). This alteration does not increase the 
porosity of the brecciated lava margins. 
The alteration in the more porous breccia appears to be associated with a decrease in porosity 
(28.99% to 5.49%), and a decrease in permeability (10−17 m2 to 10−14 m2) as distance to the largest intrusion 
decreases (237 m to 20 m; Figs. 3.7, 3.8, 3.12a, 3.13). In support of this trend the UBLM samples, collected at 
>1080 m from the largest intrusion, host an even higher porosity (25.06–30.92%) and exhibit higher 
permeability (10−13–10−12 m2) than ABLM (Table 3.1). The change in porosity relative to the change in 
permeability we see here is similar to those reported in other studies (e.g. Eichelberger et al., 1986; Klug 
and Cashman, 1996; Saar and Manga, 1999; Sruoga et al., 2004; Mueller et al., 2005; Gaunt et al., 2014; Heap 
et al., 2014b; Okumura and Sasaki, 2014). 
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Figure 3.12 Unaltered versus altered geotechnical unit porosity-permeability relationships at Pinnacle 
Ridge. Shaded regions represent maximum extent of values for marked geotechnical unit. Arrows 
represent the shift in porosity and permeability the advanced argillic alteration produced in the (a) 
brecciated lava margins, (b) dense coherent lavas, and (c) intrusions. Unlabelled shaded regions in contact 
with the shaded regions represent an overlap in properties of the two geotechnical units. 
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Figure 3.13 Spatial relationships of physical properties in brecciated lava margins at Pinnacle Ridge. 
Permeability (green), UCS (red), P-wave velocity (black), and porosity (blue) are provided for UBLM (light 
blue, left-most column) and ABLM (orange) with distances to the large, young intrusion. Scale bar is 
approximate. UBLM sample location is out of reference frame. Standard Error ≤ 1% of the reported values. 
The cause (i.e. advanced argillic alteration) of the decrease in porosity and permeability is clear 
from thin-section images (Fig. 3.4c,d), with microfractures and vesicles observable in the groundmass of 
UBLM but not ABLM. In turn, we can infer that this porosity infilled during alteration and subsequently 
decreased the permeability of the brecciated lavas from 10−13–10−12 m2 in UBLM to 10−17–10−14 m2 in ABLM 
near the intrusion (Figs. 3.8, 3.13). These observations and interpretations are consistent with Heap et al. 
(2017a), who completed a comprehensive porosity-permeability study on the hydrothermal system at 
Whakaari/White Island, New Zealand, where pore-filling alteration lowered permeability to 10−17 m2. Our 
data show that porosity and permeability express significant variability while sharing a relationship with 
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distance to a heat source (i.e. the largest Pinnacle Ridge intrusion) in a single alteration assemblage (i.e. 
advanced argillic) and, because porosity decreases (30.92% to 5.49%) with increasing proximity (>1000 m 
to 20 m; Fig. 3.13) to the contact with the largest intrusion, permeability decreases (Fig. 3.8) and P-wave 
velocity and UCS increase (Figs. 3.11; 3.B.3). It is critical to note that this correlation of rock properties and 
distance remains unique to ABLM. 
Previous studies have shown that advanced argillic alteration can have a variable effect on porosity 
and permeability (e.g. Sruoga et al., 2004; Frolova et al., 2010; Heap et al., 2017a). Frolova et al. (2010) 
observed that porosity and density either increased or decreased depending on not just temperature and 
the rock composition, but also the hydrothermal fluid composition, fluid phase, fluid pH, and fluid 
exposure duration to which the rock was exposed. The complex interaction of these parameters produces 
variable rates of rock leaching and precipitation of secondary minerals in pores and cracks. The correlation 
between the ABLM porosity, permeability, and distance to the largest intrusion, along with the lack thereof 
for the other geotechnical units, suggests that brecciated lava margins preferentially hosted hydrothermal 
fluid flow in this shallow system due to high bulk permeability (e.g. Steefel and Lasaga, 1994; Morgan et 
al., 2003; Scott and Driesner, in press). This understanding is consistent with Larson and Taylor (1986), who 
measured oxygen isotopes in brecciated layers, and suggested that brecciated layers serve as fluid 
pathways. Therefore, we conclude that the higher-permeability, brecciated units allowed for deposition of 
secondary minerals (e.g. smectite-group clays). The interpretation derived from our porosity, permeability, 
and thin-section data is consistent with the findings of Scott et al. (2016), who used numerical modelling to 
show that alteration-induced compartmentalization of a shallow-intrusion, hydrothermal system is 
significantly influenced by the primary porosity and permeability of the host rock. 
 Smectite swells when introduced to water (Yusupova, 1946; Mering, 1947); therefore, porosity and 
permeability vary between wet and dry conditions (McNeal et al., 1966; Gupta & Verma, 1985). In this 
study, we measure porosity using methods that involve water-saturation. To account for this, we also 
completed porosity measurements using dichloromethane, which does not produce swelling in smectitic 
clay, on a subset of samples and compare these data to porosity values measured using water. The porosity 
values were consistently similar (within 2 – 3 vol. %) with no clear bias toward either liquid. We suggest 
the minimal impact of swelling from water is a product of the relatively low smectite contents of the 
samples. Because we measure permeability using water-free gasses, the permeability we report would 
likely be higher than that of the hydrothermal system when it was active. However, we argue that the effect 
on permeability would be low given the minimal swelling effect water produces in the porosity of these 
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rocks. An alternative source of error could be in the uncertainty of the data collected. If is worth 
consideration that we did not collect repeated porosity, permeability, and elastic wave velocity values to 
quantify this uncertainty. If a similar study was conducted again, we recommend recording porosity (i.e. 
Archimedes Triple Weight measurements), permeability, and elastic wave velocity (e.g. analyzing and 
picking the wave fronts) measurements a minimum of three times to determine uncertainty. If possible, 
multiple apparatuses should be used (e.g. the PDP-200 and steady-state permeameters) for the same 
sample. Doing so would allow more accurate uncertainty estimation. 
3.5.3 Hydrothermal vein: a new geotechnical unit 
Dense lavas, brecciated lavas, and intrusions constitute the vast majority (>99%) of the material exposed at 
Pinnacle Ridge. The remainder of this material is hydrothermal deposit. Although several veins within 
50 m of the intrusion were observable from a distance, only one was accessible for sampling. The 
combination of physical properties unique to the kaolinite hydrothermal vein and consequences thereof 
require special consideration when characterising the materials of the volcanic environment. For example, 
HV has permeability values similar to UI and UDCL (Fig. 3.14); however, the UCS of HV (20–71 MPa) is 
substantially less than that of UI or UDCL (73–332 MPa and 60–257, respectively). The UCS of HV appears 
most like that of ADCL or ABLM (6–215 MPa and 1–61 MPa, respectively; Fig. 3.14). Consequently, intact 
HV presents the potential to inhibit flow as much as intact UI or UDCL and hinder outgassing processes 
and, thereby, can serve as a deep-seated destabilizing influence within an edifice. Additionally, HV 
displays inconsistent relative deformation moduli relationships with the other geotechnical units with 
dynamic and static Young's moduli similar to ABLM (Figs. 3.B.4, 3.B.6) while the static Poisson ratios are 
similar to UI and UDCL (Fig. 3.B.7). Existing research has already detailed the relevance and nuances of 
elastic moduli in intact and damaged volcanic material (e.g. Voight, 1989; Dzurisin, 2006; Heap et al., 2009; 
Kendrick et al., 2013; and references therein). Given the hazard edifice deformation poses in shallow 
volcanic environments (e.g. Siebert, 1992; Mcguire, 1996, Mcguire, 1998, Mcguire, 2006, and references 
therein), the lower Young's modulus of HV underscores the importance of having detailed data specific to 
each geotechnical unit when modelling processes involved with flank destabilization (e.g. Walter et al., 
2005). 
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Figure 3.14 Log permeability as a function of uniaxial axial compression strength. The trendline (log 
Permeability [m2] = −1.487 × ln [UCS [MPa]] − 9.6054, R2 = 0.9661) depicts the general strength-permeability 
relationship of the non-HV geotechnical. HV deviates from this trend with lower strength and permeability 
inconsistent with the logarithmic function described above. Error bars represent relative error. 
The structure of veining also provides sound reason to give HV its own geotechnical unit label. 
That is, HV does not necessary form parallel with bedding of the already deposited volcanic strata. Instead, 
HV can crosscut pre-existing strata (e.g. the veining at Pinnacle Ridge). Thus, the potential variance HV 
introduces to structure compounds a deformation environment already made complex from the interlaying 
of contrasting mechanical materials (e.g. Gudmundsson, 2002; Manconi, 2007). Therefore, HV presents the 
potential to cause subsurface compartmentalization (Senger et al., 2017) by acting as a barrier to fluid flow 
while simultaneously being less able to accommodate the related stresses and therefore be a potential 
source of edifice failure. This added complexity, coupled with the unique physical properties, requires that, 
although HV is remarkably low in volume compared to the other materials discussed, HV be considered 
as its own geotechnical unit. 
3.6 Implications 
This study's primary objective was to produce a large dataset to inform future modelling of outgassing of 
magmatic volatiles from the magma-filled conduit (Collombet, 2009; Collinson and Neuberg, 2012), 
subsurface hydrothermal activity (Hurwitz et al., 2007; Peltier et al., 2009; Christenson et al., 2010; Todesco 
et al., 2010; Fournier and Chardot, 2012; Scott and Driesner, in press), gas monitoring (Bloomberg et al., 
2014; Peiffer et al., 2014), geothermal resources (Scott et al., 2016), and volcano seismicity (Leet, 1988; Nishi 
et al., 1996; Sherburn et al., 1998; Bean et al., 2014; Chardot et al., 2015). While our observation of 
hydrothermally induced pore- and crack-filling precipitation is not new knowledge by itself (e.g. Sruoga 
et al., 2004; Wyering et al., 2014; Heap et al., 2017a), the resulting relationship between the distance to the 
heat source of the alteration and the porosity of a particular geotechnical unit (Fig. 3.13) is novel and 
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provides a new perspective for understanding volcanic edifice behaviour. More specifically, the change in 
porosity has special consideration for edifice strength and permeability. 
3.6.1 Strength and toughness 
The predominant controls on sample strength appear to be the primary lithology and original porosity for 
the non-ABLM geotechnical units, and secondary alteration-controlled porosity with distance to the largest 
heat source for the ABLM (Fig. 3.13). The porosity-UCS relationship (Table 3.S1) exhibits a power law 
relationship similar to other studies on volcanic rocks (e.g. Al-Harthi et al., 1999; Heap et al., 2014b; 
Siratovich et al., 2014; Schaefer et al., 2015; Wyering et al., 2015; Zhu et al., 2016). In the context of the 
Wyering et al. (2015), Alteration Strength Index (ASI)—in which UCS is modelled from alteration zone, 
mineralogy, and lithological depth—our experimental data highlight that the geotechnical units represent 
families of different porosity, permeability, extent of alteration and, thereby, strength. As the samples from 
Pinnacle Ridge were collected from approximately the same depth (tens of metres in vertical difference), 
they have similar mineralogy, and reside within the same alteration zone, but with differing alteration 
extent. This underscores the importance of porosity in the ASI. 
It is important to consider the extent to which advanced argillic alteration increases the strength of 
ABLM. Although clay precipitation can increase the strength of the brecciated lava margins greater than 
an order of magnitude (1 to 61 MPa), the strength of ABLM is still generally weaker than the other units. 
As such, brecciated lava margins still comprise the material most likely to yield (i.e. the formation of new 
fractures within the intact material) within the alteration halo; however, our data suggest that this failure 
is less likely immediately adjacent to and more likely farther from the intrusion (Fig. 3.13). This has 
important implications for the source of seismicity at active volcanoes and the initiation of slope failure as 
our data suggests that failure at depth is likely to occur up to several hundred meters from rather than 
immediately adjacent to an intrusion, where pore pressure is likely greatest (e.g. Elsworth, 1995). 
Slope stability assessments for unaltered (e.g. Pacaya Volcano, Guatemala; Schaefer et al., 2015) 
and highly altered volcanics (e.g. Whakaari/White Island, New Zealand; Moon et al., 2009) have proven 
useful for considering the risk presented to infrastructure and human lives. The comprehensive dataset we 
present in this study has potential to substantially aid geoscientists modelling slope stability in geological 
environments hosting small, shallow intrusions because the change in strength and relative relationships 
of strength among the differing geotechnical units are critical for engineering assessment of rock mass 
strength (e.g. Generalized Hoek-Brown failure criterion; Hoek, 1994). Geoscientists must often use pre-
determined strength values where mechanical property characterization appropriate for their specific 
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project is impractical (e.g. Brideau et al., 2011). One prospective example would be the steep, variably 
altered volcanic walls surrounding the Crater Lake of Mt. Ruapehu that present the potential to collapse 
and generate a tsunami within the Crater Lake, induce a lahar, and, thereby, pose a hazard to infrastructure 
(i.e. New Zealand State Highway 1, New Zealand National Electric Grid). The data in this study are directly 
applicable to slope stability assessment at a site like this, where access is highly restricted by terrain and 
the variably altered volcanic material would exhibit a range of geomechanical properties. 
Similar to, but distinct from, strength is toughness. Toughness serves as a measure of resistance to 
fracture with more energy needed to fracture tougher materials. As a general rule, interlayered materials 
with unequal elastic values (Young's moduli) are tougher than homogenous materials (e.g. Gudmundsson, 
2009, and references therein). Gudmundsson (2009) concludes that stratovolcanoes (e.g. Mt. Ruapehu) have 
a higher toughness than basaltic, shield edifices (e.g. Kīlauea Volcano). Our study presents data detailing 
the need for consideration of not just hydrothermal alteration presented by a small, shallow intrusion for 
consideration but also hydrothermal veins, as the veins can cut across existing strata (Fig. 3.15) and 
introduce variability and mismatch of elastic moduli in the structure (Figs. 3.B.4, 3.B.6). 
3.6.2 Permeability 
The physical properties of the rock around the magma chamber and conduit (i.e. dikes) control volcano 
outgassing and the development of hydrothermal systems. To understand the behaviour of a volcanic 
edifice or its hydrothermal systems, one must recognize the factors affecting the outgassing of the magmatic 
volatiles. Understanding the dynamic behaviour of a volcanic edifice is contingent upon a thorough 
comprehension of the materials that develop and exist near shallow magma bodies in that edifice. Chief 
among the material properties is permeability. At Pinnacle Ridge, UI and UDCL host low permeability 
values (~10−21–10−16 m2 and ~10−20–10−16 m2, respectively) that decrease by orders of magnitude with 
increasing confining pressure and hence depth (Fig. 3.9). Consequently, outgassing will be localised along 
UBLM and ABLM given the higher permeability (10−13–10−12 m2 and ~10−17–10−14 m2, respectively) of these 
units, and their relative permeability insensitivity to depth (Fig. 3.9). 
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Figure 3.15 Conceptual model of the shallow hydrothermal system from a small intrusion at Pinnacle 
Ridge. Sketches of each geotechnical unit by thin section according to major mineral assemblage and 
properly scaled microfractures are linked to their respective geotechnical units (arrows with dashed-lines). 
The general structural relationships between geotechnical units are depicted in the larger cartoon model. 
Fluid transport arrows depict preferential flow within brecciated lava margins inside and outside of the 
alteration halo. Geotechnical units and fractures are not to scale. 
3.6.3 Microfracture influence on permeability 
In this study, we present the most complete dataset of mechanical and physical rock properties for a 
hydrothermal system created by the shallow emplacement of a small intrusion. The materials targeted by 
this study, dense lavas, intrusions, and altered, pore-filled volcanics, generally host lower permeability 
than those of other studies of more vesiculated or porous materials (Fig. 3.16a,b; Klug and Cashman, 1996; 
Saar and Manga, 1999; Rust and Cashman, 2004; Stimac et al., 2004; Mueller et al., 2005, Mueller et al., 2008; 
Bernard et al., 2007; Heap et al., 2014b, Heap et al., 2017a; Farquharson et al., 2015). Previous studies of 
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porosity-permeability relationships have found a two-slope power law model most accurate for describing 
their data (e.g. Bourbie and Zinsner, 1985; Heap et al., 2014b, Heap et al., 2015c, Heap et al., 2017a; 
Farquharson et al., 2015; Heap and Kennedy, 2016; Kushnir et al., 2016; Cant et al., 2018). Using Bayesian 
Information Criterion analysis described by Main et al. (1999), we find that a single power law describes 
the porosity-permeability trend for the data of the geotechnical units from Pinnacle Ridge when considered 
in aggregate (Fig. 3.16b); however, when considered individually, there appears to be a changepoint in 
ABLM at ~14.8% porosity and UI, UDCL, and ADCL around ~3–7% porosity, suggesting a change in the 
microstructural influence on permeability. 
 
Figure 3.16 Porosity and permeability data from Pinnacle Ridge geotechnical units. (a) Heap et al. (2017a) 
volcanic facies data (shaded regions) from Whakaari/White Island (New Zealand) compared to Pinnacle 
Ridge data. The Whakaari lavas display similar porosity and permeability values as the altered dense 
coherent lavas from Pinnacle Ridge. Whakaari breccias and Pinnacle Ridge UBLM also appear to have 
similar porosity and permeability values. (b) Pinnacle Ridge materials generally have lower porosity and 
permeability values than the intersection porosity (0.14–0.20) of other studies represented by the shaded 
regions (Heap et al., 2014b, Heap et al., 2017a; Farquharson et al., 2015).  
The double power law models of the previously published research are defined by two discrete 
power laws intersecting at a given porosity, at which permeability changes from being microstructurally 
fracture- to vesicle- dominated (Heap et al., 2014b, Heap et al., 2015c, Heap et al., 2017a; Farquharson et al., 
2015; Heap and Kennedy, 2016; Kushnir et al., 2016; Cant et al., 2018). Below the intersection porosity, 
permeability is governed by the tortuous microfracture structure. Above the intersection porosity, well 
connected pores and channels present wide flow paths for fluid transport. These authors do not suggest 
that a rock will travel along the double power law trend as porosity increases or decreases, but rather that 
there are two distinct populations of volcanic rocks that are best described by their own power law. The 
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changepoint porosity we identify for ABLM (~14.8%) is consistent with that of the prior discussed research 
(14–20%). Being noticeably lower, the changepoint porosity of UI, UDCL, and ADCL (~3–7%) suggests that 
the double-power law relationship is the result of a different microstructural threshold. The low porosity 
suggests that this changepoint is a product of microfracture density threshold reaching a critical density of 
interconnectivity and rather than a vesicle-dominated permeable material. 
The porosity of UBLM is greater than the common intersection porosities of the double-power law 
studies and we suspect that had we have focused our analysis on these unaltered, porous volcanics, we 
would have observed the double-power law common to volcanic permeability studies using the higher-
porosity samples. In general, however, the porosities of samples in this study are generally less than or not 
significantly greater than the given intersection porosity of prior volcanic permeability research (Fig. 3.16b; 
e.g. Heap et al., 2014b, Heap et al., 2015c, Heap et al., 2017a; Farquharson et al., 2015; Heap and Kennedy, 
2016; Kushnir et al., 2016; Cant et al., 2018). We suggest that the single power law relationships or low 
changepoint porosities indicate that the permeability in our samples from the varying geotechnical units 
of Pinnacle Ridge is microfracture-dominated except for the brecciated lava margins, which may be 
partially vesicle-dominated (Fig. 3.4). This interpretation is supported by thin-section (Fig. 3.4) and 
permeability analysis at higher effective pressures (Fig. 3.9). 
3.6.4 Effects of variable confining pressure on permeability 
The permeability of rock is influenced substantially by porosity and the tortuosity and connectivity of that 
porosity (Colombier et al., 2017), and, as demonstrated by prior research, andesites are microstructurally 
complex and diverse (e.g. Min et al., 1996; Koroknai et al., 2008; Wright et al., 2009; Farquharson et al., 
2015). Macrofractures can increase permeability by up to eight orders of magnitude (Heap et al., 2015b; 
Heap and Kennedy, 2016; Lamur et al., 2017; Pérez-Flores et al., 2017; Eggertsson et al., in press). If there 
are few pores in a sample, they are unlikely to interact unless they are interconnected by a series of 
microfractures or pore networks (Kennedy et al., 2016). On the other hand, if there are many pores, linkage 
by microscopic fractures becomes less crucial (e.g. Farquharson et al., 2015). Thin-section analysis of the Te 
Herenga andesites from Pinnacle Ridge suggest that low-porosity samples are connected by microcracks 
while high-porosity samples are connected by pore networks (Heap and Kennedy, 2016). 
In addition to the permeability data collected at 3 MPa confining pressure, we collected 
permeability data at confining pressures of 5, 8, 10, and 15 MPa (while keeping pore pressure constant at 
1 MPa). This higher effective pressure data provide permeability values for these rock types approximately 
analogous from 0 to 500 m depth, which represents the approximate maximum depth this system would 
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have evolved under (Hackett, 1985). Our results (Fig. 3.9; Table 3.2) are similar to those of Vinciguerra et 
al. (2005), Nara et al. (2011), Heap et al. (2014a), Lamur et al. (2017), Cant et al. (2018), and Eggertsson et al. 
(in press) who found that increasing confining pressure from 5 to 50 MPa in micro- and macro-fractured 
volcanic rocks can decrease permeability by greater than one order of magnitude. Similarly to Vinciguerra 
et al. (2005), we found the largest decrease in permeability occurred at low effective pressures (<10 MPa) in 
volcanic rock. Similarly to these studies, we conclude that the fractures in samples (e.g. Fig. 3.4a,b,f) closed 
as effective pressure increased, thus reducing permeability. 
If fluid flow is entirely controlled by fractures, then closing optimally oriented fractures by 
applying a confining pressure will have a much greater impact on permeability than in a sample with pore-
dominated porosity where the fractures are less important. All the geotechnical units experience a decrease 
in permeability with increase in effective pressure; however, in the low-porosity UI, this permeability 
decrease is greatest (Fig. 3.9). Using the example of the unaltered and altered intrusions (UI and AI) we 
show that, in low-porosity rocks, alteration may increase porosity and permeability through dissolution 
along microcracks, which become more difficult to close with confining pressure (Cant et al., 2018). The 
ABLM samples, however, show evidence for decreases in porosity and permeability driven by precipitation 
and mineral deposition and are less susceptible to permeability reduction with the application of confining 
pressures. Hence, alteration may increase or decrease permeability but tends to create rocks less susceptible 
to confining pressure-driven changes in permeability. This implies that permeability heterogeneity will 
increase with depth in volcanological and geothermal systems where unaltered and altered rocks are 
juxtaposed. 
3.6.5 Variable confining pressure and outgassing 
It is important to consider the effects the closure of these microfractures have on the outgassing processes 
in a volcanic system. The permeability of UI was below detectable limits (<10−22 m2) at 15 MPa confining 
pressure, suggesting that microfractures were effectively closed at this pressure. This implies that unaltered 
intrusions are effective seals (Figs. 3.9, 3.15), especially in contrast to UBLM (10−13 m2), ABLM (10−16 m2), 
UDCL (>10−17 m2), AI (>10−18 m2), and ADCL (>10−18 m2) under the same conditions. Moreover, UI 
stratigraphically crosscuts the interlayered ADCL, ABLM, UDCL, and UBLM and blocks flow along these 
higher permeability units. The implications for the effects of UI fracture closure under higher effective 
pressure, conceptually carried to the edifice-scale in a volcanic setting, mean unaltered intrusions can 
obstruct or divert subsurface fluid flow, an observation consistent with conclusions from Senger et al. 
(2017). Vertical structures could therefore act as barriers to lateral fluid flow and produce segmented 
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hydrothermal systems as observed by Chambefort et al. (2014). In the case of sub-horizontal intrusions or 
intrusions with geometries suitable for fluid traps (e.g. Senger et al., 2017), old, cooled intrusions could 
restrict outgassing and drive pressurization. 
3.6.6 Translating permeability to edifice-scale processes 
The impact of the tortuous microstructure inherent to all the materials of a shallow hydrothermal system 
can affect the behaviour of the entire volcanic edifice. In this study, we demonstrate that distance to the 
intrusion (from 1080 to 20 m) is associated with decrease in porosity (30.92 to 5.49%) and permeability of 
brecciated lavas (10−12 to 10−16 m2; Figs. 3.12a, 3.13). Higher effective pressures further reduce the 
permeability of altered brecciated lavas and other geotechnical units of the hydrothermal system (Fig. 3.9). 
This decrease in permeability has the potential to induce pore pressure augmentation (Christenson et al., 
2010; Heap and Wadsworth, 2016) and the resulting increase in pore pressure could compromise the 
stability of the edifice slopes (Day, 1996; Voight and Elsworth, 1997; Reid et al., 2001; Reid, 2004; Moon et 
al., 2009), induce seismicity (Gerst and Savage, 2004; Christenson et al., 2010; Jolly et al., 2010), and/or propel 
the diverse eruptions observed at volcanic edifices (e.g. Kilgour et al., 2010; Siebert et al., 2015, and 
references therein). For example, unrest at Whakaari/White Island between 2002–2006 and 2007–2009 was 
thought to be a response to changes in the pore pressure of the hydrothermal system (Fournier and 
Chardot, 2012). 
The presence of HV necessitates further consideration as the nature of its strength, structure, and 
permeability make HV particularly adept to affect subsurface fluid pathways. Heap et al. (2017a) suggested 
that the sealing of fractures in lava materials from hydrothermal alteration was at least partially responsible 
for the dynamic landscape of Whakaari/White Island and its history of ephemeral surficial thermal features. 
The precipitation of HV from hydrothermal fluid has a strong potential to drastically change fluid 
pathways and, in the process, expose unaltered materials to warm and acidic hydrothermal fluids while 
inducing precipitation (Fig. 3.12a) and/or dissolution (Fig. 3.12b,c) in other rock. In much the same way, 
HV can change or block outgassing and induce edifice behaviour similar to the decrease in porosity of the 
brecciated lava margins discussed above. 
Our study provides the most comprehensive dataset for physical and mechanical rock properties 
of volcanic host-strata surrounding a shallow intrusion and its hydrothermal system to date. The data 
display inherent variability characteristic to volcanic materials as well as trends subject to spatial and 
temporal variation not observed in prior research. These findings will allow for more precise 
understanding and future modelling of volcanic and hydrothermal processes. For example, the model of 
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Fournier and Chardot (2012) that associated pore pressure to the Whakaari/White Island unrest assumed 
an isotropic permeability value (10−15 m2) rather than range of permeability values over several orders of 
magnitude (10−21–10−12 m2). In another example, the numerical modelling by Scott and Driesner (in press) of 
time-dependent changes in porosity and permeability in a hydrothermal system produced by a shallow 
intrusion considered permeability values 10−14, 10−15, and 10−16 m2 as high, moderate, and low, respectively. 
Although these values proved critical for the fluid flow around the intrusion (Scott et al., 2015), our data 
clearly caution that a significantly wider range of permeability needs to be considered when modelling 
processes related to volcanic permeability. Without doing so, one is not precisely constraining volcanic 
properties. Therefore, we emphasize the need for consideration for a range of mechanical and physical rock 
properties in future modelling not only to account for the heterogeneity of volcanic material but for the 
systemic changes in these properties like we observe with ABLM at Pinnacle Ridge. 
3.6.7 Scaling strength and permeability 
It is important to consider scale. For example, as the length scale of interest increases, rock strength 
decreases due to the greater number in imperfections in the greater volume of rock mass (Hoek et al., 2002). 
Therefore, the UCS values we present provide an upper bound for the strength of the geotechnical units at 
Pinnacle Ridge. Although we do not describe macro-scale discontinuities in this lab-oriented study, we 
intend to detail our field discontinuity observations in a forthcoming contribution. 
Permeability is also dependent on scale. Heap and Kennedy (2016) demonstrated that a single 
microfracture can increase the permeability of andesite from Mt. Ruapehu by up to eight orders of 
magnitude in an otherwise-unfractured, low-permeability (<10−19 m2) sample core. It is, thus, common to 
adopt a dual porosity-permeability perspective in which one considers both matrix and macrofracture 
permeability have their own distinct characteristics (Jafari and Babadagli, 2011). While we were restricted 
to <40 mm length cores, which predominantly precluded macrofractures, macroscopic discontinuities 
(>1 mm aperture) are present in nearly all the studied geotechnical unit outcrops. Although modelling the 
effects of macrofractures is outside the scope of this laboratory-focused study, it is implicit that at least 
some of the observed macrofractures predominated fluid flow at Pinnacle Ridge when it was an active 
geothermal system by channelling flow along these large discontinuities rather than through rock matrix. 
3.7 Conclusions 
We conducted a detailed lab-based characterization (n = 194) of volcanics from a small hydrothermal 
thermal system arising from the emplacement of a small, shallow intrusion, using samples from various 
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geotechnical units at Pinnacle Ridge, Mt. Ruapehu. The large sample size allowed the distinction of 
systemic change from inherent intact volcanic material heterogeneity, and we make several key findings: 
1) Through thin-section and TerraSpec analysis, we identified primary and alteration mineralogies at 
Pinnacle Ridge. Alteration grade appears consistent across the geotechnical units and confined to 
smectite-group clays and kaolinite in most samples. 
2) Our data show that permeability is governed by porosity, which, in a hydrothermal setting, is 
determined by a combination of alteration and primary lithology. Alteration can have a varying effect 
on permeability where alteration increases the permeability of low-porosity geotechnical units (e.g. 
intrusions and lava flow cores) and decreases the permeability in high-porosity geotechnical units 
systematically towards the main intrusion (e.g. breccias). 
3) Increasing proximity to the intrusion (100 s to 10 s m) correlates with a decrease in the porosity of the 
brecciated lava margins spanning nearly an order of magnitude, as a result of hydrothermal alteration-
induced precipitation of clay minerals in the pore space of the brecciated lava margins. This decrease 
in porosity corresponds to a decrease of permeability of several orders magnitude. Similar to porosity 
and permeability, elastic wave velocities and UCS in the breccias appear to be controlled by distance 
to largest intrusion. 
4) Alteration may increase or decrease permeability but tends to create rocks less susceptible to confining 
pressure driven changes in permeability. This implies that permeability heterogeneity will increase 
with depth in volcanological and geothermal systems where unaltered and altered rocks are 
juxtaposed. 
5) Effective pressure has the greatest effect on permeability up to 5 MPa. Above 5 MPa, the effect of 
increasing pressure on permeability is less prominent. However, the extent of the decrease in 
permeability is controlled by how dominant microfractures are for the porosity of the geotechnical 
unit. Brecciated lava margins, which are pore dominated, retain much of their unconfined 
permeability, whereas the unaltered intrusions experienced the largest decrease in permeability with 
increased effective pressure because permeability of unaltered intrusions is microfracture-dominated. 
Above an effective pressure of 10 MPa, solid, unaltered intrusions become effectively impermeable at 
the sample scale, but macrofractures were not considered. Future research is needed to model the 
effects of these macrofractures on rock-mass permeability. 
6) We propose hydrothermal veining as a new geotechnical unit to be considered in a volcanic 
environment based on intact rock properties of hydrothermal vein material. Although we do not 
discuss the discontinuity characteristics for complete classification the porosity, permeability, 
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strength, and deformation moduli properties of hydrothermal veins are unique to hydrothermal veins 
and therefore require special consideration in edifice stability as, even if the volume of veining is 
minor, it could act as a significant barrier to fluid or gas flow if located at a critical location within the 
structure. We intend to complete the classification of the geotechnical units at Pinnacle Ridge in a 
forthcoming publication that details the discontinuity characteristics of the unaltered and altered 
volcanics. 
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3.A Appendix: Expanded methodology 
Our study of the geomechanical parameters of the geotechnical units that compose the hydrothermal 
system of the small, shallow intrusion at Pinnacle Ridge require several varied methodologies to 
determine the varied mechanical and physical rock properties. In Appendix 3.A, we provide additional 
detail to the methods we employ as referenced in the main text. Specifically, we detail the Forchheimer 
and Klinkenberg corrections (Appendix 3.A.1), the specific conditions for elastic wave velocity collection 
and calculation of the dynamic deformation moduli (Appendix 3.A.2), and the calculation of the static 
deformation moduli (Appendix 3.A.3). 
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3.A.1. Permeability: Forchheimer and Klinkenberg corrections 
The Forchheimer and Klinkenberg corrections for permeability are important parameters discussed in the 
main text and applied when appropriate to permeability measurements. Given their non-trivial qualities, 
these two correction parameters are discussed further in Appendix 3.A.1. 
The Forchheimer correction accounts for non-laminar flow through the sample (Forchheimer, 
1901). Forchheimer-corrected permeability, 𝑘fo, is a function of gas permeability, kD, an inertial term 
obtained through the best fit of experimental data, 𝜄, and the volumetric flow rate, 𝑄𝑣 , and is given in 
Equation A.1. The Klinkenberg correction accounts for Klinkenberg’s ‘slip flow’ (Klinkenberg, 1941). 
Klinkenberg-corrected permeability, 𝑘klink, is a function of gas permeability, kD, the Klinkenberg slip 
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3.A.2. Acoustic wave velocities and dynamic elastic moduli  
Acoustic wave velocity analysis provides a non-destructive characterization parameter with relevance to 
microfracture density (e.g. Siratovich et al., 2014) and, thereby, deformation moduli (i.e. the dynamic 
Young’s modulus and Poisson ratio). While acoustic wave velocity methods are discussed in the text, we 
expand on the specifics of the procedure here and detail the calculation of the dynamic Young’s modulus 
and Poisson ratio in Appendix 3.A.2. 
During collection, ultrasonic gel and a constant 312 Pa stress was applied via direct weighting to 
ensure sufficient contact between the sample and platens in order to produce consistent waveforms 
during testing. Prior work on hydrothermally altered volcanics used acoustic emissions and change in 
axial strain during loading to suggest that microcrack closure occurs in excess of 10 MPa which was 
several orders of magnitude greater than 312 Pa used in this analysis (Brace et al., 1966; Martin & 
Chandler, 1994; Eberhardt et al., 1998; Lion et al., 2005; Nicksiar & Martin, 2012; Siratovich et al., 2014). 
The dynamic Poisson’s ratio and Young’s modulus were calculated from equations A.3 and A.4, 






















where 𝜈𝑑 is the Poisson's Ratio, Vp is compressional wave velocity, Vs is shear wave velocity, Ed is the 
Young’s Modulus, and ρ is bulk density. 
3.A.3. Static deformation moduli 
Static deformation moduli providing strain behaviour during deformation are discussed and used in the 
text. The specific formulas for determining these deformation moduli are provided in Appendix 3.A.3. 
We calculated the static Young’s modulus and Poisson's Ratio for each sample using Equations A.5 and 












where Es is the static elastic (Young’s) modulus, σα is axial differential stress, εα is the axial strain (in both 
Equations A. and A.) 𝜈𝑠 is the static Poisson's Ratio, and 𝜀𝑟 is the radial strain. The elastic parameters were 
determined at 50% of the peak strength (Ulusay & Hudson, 2007). 
3.B Appendix: Expanded results 
Elastic wave moduli and deformation moduli are essential parameters for the understanding and 
modelling of deformation in a volcanic edifice. We present a summary of this data in the main text and 
detail these parameters by geotechnical units here in Appendices 3.B.1 (Elastic Wave Velocities), B.2 
(Dynamic Deformation Moduli), and B.3 (Static Deformation Moduli). A complete dataset for each 
individual sample can be found in Table 3.S1.  
3.B.1. Elastic wave velocity  
The P-wave and S-wave velocities of the geotechnical units appear to have similar relative relationships 
to each other and mirror those of porosity (Figs. 3.B.1, 3.B.2; Table 3.3). That is, UI has the highest 
velocities (~5600 m/s and ~2900 m/s for P-wave and S-wave velocities, respectively) and UBLM has the 
lowest velocities (~3000 m/s and ~1100 m/s, for P-wave and S-wave velocities, respectively). Similar to 
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porosity, the P-wave velocities of some of the ABLM appear to be correlated, albeit inversely, with 
distance to the largest intrusion (Fig. 3.B.3; Table 3.3). The S-waves of ABLM are similarly correlated with 
distance. 
 
Figure 3.B.1. Water-saturated P-wave velocities (n = 191) grouped according to geotechnical unit. 
Standard Error ≤ 1% of the reported values. 
 
Figure 3.B.2. Water-saturated S-wave velocities (n = 191) grouped according to geotechnical unit. 
Standard Error ≤ 1% of the reported values. 
 
Figure 3.B.3. Water-saturated P-wave velocities versus distance to the largest intrusion observed at 
Pinnacle Ridge grouped according to geotechnical unit. Standard Error ≤ 1% of the reported values. 
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3.B.2 Dynamic deformation moduli 
The dynamic Young’s modulus has a similar relative distribution as the P-wave velocity data with UI and 
UDCL having the highest values (22.8 – 61.3 GPa and 19.1 – 51.5 GPa, respectively) while UBLM have the 
lowest dynamic Young’s modulus (3.6 – 7.5 GPa). The ABLM, AI, and ADCL values (8.9 – 28.7 GPa, 2.4 – 
5.0 GPa, and 8.4 – 51.2 GPa, respectively) are again between the unaltered dense materials (i.e. UI and 
UDCL) and the unaltered highly porous material (i.e. UBLM) (Fig. 3.B.4; Table 3.3). HV Young’s modulus 
values are 9.2 – 16.0 GPa. Dynamic Poisson’s ratio shows no clear geotechnical grouping as opposed to 
the other physical rock properties, with values between 0.18 -0.47 (Fig. 3.B.5; Table 3.3). Nor do we 
observe a clear relationship between the dynamic moduli and distance to UI. 
 
Figure 3.B.4. Water-saturated dynamic elastic moduli (n = 191) grouped according to geotechnical unit. 
Standard Error ≤ 1% of the reported values. 
 
Figure 3.B.5. Water-saturated Poisson ratio (n = 191) grouped according to geotechnical unit. Standard 
Error ≤ 1% of the reported values. 
3.B.3 Static Deformation Moduli 
The static Young’s modulus mirrors the relative relationships of the dynamic Young’s modulus by 
geotechnical unit classification (Fig. 3.B.6). UI and UDCL have the highest static Young’s modulus (0.1 – 
4.8 GPa and 15.3 – 32.7 GPa, respectively). UBLM has the lowest static Young’s modulus (1.27 – 1.93 GPa). 
The ABLM, AI, and ADCL values (4.0 – 10.2 GPa, 7.6 – 38.8 GPa, and 0.4 – 31.3 GPa, respectively) were 
between the unaltered dense materials (i.e. UI and UDCL) and the unaltered highly porous material (i.e. 
UBLM). HV static Young’s modulus is between 8.5 and 9.8 GPa. Static Poisson’s ratio shows no clear 
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geotechnical grouping as with the other physical rock properties, with values between 0.06 -0.49 (Fig. 
3.B.7). 
 
Figure 3.B.6 Static Young’s moduli (n = 147) grouped according to geotechnical unit. Standard Error ≤ 1% 
of the reported values. 
 
Figure 3.B.7 Static Poisson ratio (n = 39) grouped according to geotechnical unit. Standard Error ≤ 1% of 
the reported values. 
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Chapter 4 Preamble 
In Chapter 3, I present geomechanical data from intact lab samples from a glacially dissected, fossil 
hydrothermal system at Pinnacle Ridge, Mt. Ruapehu, New Zealand. Among other findings, I observe: (1) 
the porosity of the brecciated lava margins increases with proximity to the intrusion; and (2) the 
geomechanical properties of hydrothermal vein material require it to be considered its own geotechnical 
unit. In Chapter 4, I focus on the effect alteration has on the physical and mechanical properties of andesitic 
volcanics using a unique specimen (Fig. 1). Using a sample block hosting two different types of alteration 
(intermediate argillic and advanced argillic), I observe the effects these two alteration types produce in the 
geomechanical properties of the rock, and then discuss the consequences of these implications on volcanic 
monitoring. 
Chapter 4 has been submitted, revised, and re-submitted to Bulletin of Volcanology. This chapter is presented 
in its revised format. 
 
Figure 1. Primary site locations specific to the research presented in this study. (a) Sites of the two 
hydrothermal systems in New Zealand. (b) Sites specific to Chapters 3 – 6 at Pinnacle Ridge. Solid black 
polygon marks boundary of the largest young intrusion. Scale is approximate. 
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Chapter 4 
Influence of Alteration on the Mechanical 
Behavior and Failure Mode of Andesitic 
Lavas: Implications for Shallow Seismicity 
and Volcano Monitoring 
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Villeneuve1, J. I. Farquharson2, D. M. Gravley1 
1Department of Geological Sciences, University of Canterbury, Private Bag 4800, Christchurch 8140, 
New Zealand 
2Institut de Physique de Globe de Strasbourg (UMR 7516 CNRS, Université de Strasbourg/EOST), 5 rue 
René Descartes, 67084 Strasbourg cedex, France 
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Abstract 
Volcanoes often host hydrothermal systems that alter the host rock. To understand the influence of 
alteration on mechanical behavior of edifice-forming rock, we performed a series of triaxial deformation 
experiments on variably-altered andesite from Mt. Ruapehu (New Zealand) under constant effective 
pressure. Under the imposed conditions, andesite with intermediate argillic alteration deforms in a brittle 
manner forming fractures. In contrast, andesite with advanced argillic alteration deforms in a ductile 
manner, with sample failure driven by distributed cataclastic pore collapse. We consider this the result of 
an increase in porosity and clay content with increasing alteration. Ancillary experiments highlight that 
the brittle-ductile transition occurs at a much lower effective pressure—analogous to depth—in andesites 
with advanced argillic alteration relative to unaltered andesites of comparable porosity. We conclude that 
advanced argillic alteration can create an anomalous shallow ductile zone, which has important 
implications for fluid flow and pre-eruptive seismicity. 
Plain Language Summary 
Observing volcanic seismicity plays an integral role in volcano monitoring. Rising magma creates stresses 
that often break rock and produce earthquakes indicative of a coming eruption. Unfortunately, not every 
volcano or eruption at a particular volcano is characterized by these pre-eruptive earthquakes. In our 
 
CHAPTER 4: INFLUENCE OF ALTERATION ON THE MECHANICAL BEHAVIOR 110 
study, we simulate pressure conditions in a volcano using a specialized loading press to show that 
alteration from hot circulating fluids can cause rock to flow (no earthquakes) rather than to break and 
produce earthquakes. We suggest that this change in deformation behavior (flow versus break) is the 
result of alteration increasing the porosity (void space) and the amount of weak clays within the rock. 
This may explain why few earthquakes are recorded before some eruptions from volcanoes. The results 
of our study therefore emphasize the importance of a multi-method monitoring at active volcanoes 
worldwide. 
4.1 Introduction 
Volcanic complexes are composed of an assortment of physically and mechanically varied structures 
(Moon et al., 2005; Schaefer et al., 2015) that contribute to the diverse range of volcanic behaviors, such as 
outgassing (Farquharson et al., 2015), deformation (Manconi et al., 2007), eruptive activity (Nairn et al., 
1975), seismicity (Bryan & Sherburn, 1999), and mass movement (Apuani et al., 2005). Hydrothermal 
alteration, common to many volcanic edifices (Sigurdsson et al., 2000; and references therein), further 
increases the mechanical complexity (Pola et al., 2012; Heap et al., 2015b; Wyering et al., 2015; Heap et al., 
2017a). Recently, many studies have explored the mechanical behavior and failure modes of unaltered 
volcanic materials under triaxial conditions (Kennedy et al., 2009; Zhu et al., 2011; Loaiza et al., 2012; 
Adelinet et al., 2013; Heap et al., 2015a; Zhu et al., 2016; Heap et al., 2017b; Zorn et al., 2018). These 
studies have shown that brittle and ductile deformation in volcanic rocks manifests as shear fracture 
formation and cataclastic pore collapse (localized or distributed), respectively. Rock failure mode is 
considered important in the creation and destruction of permeability (Heap et al., 2015a) and in the 
interpretation of pre-eruption seismicity (Bryan & Sherburn, 1999; Bean et al., 2014). However, no study 
investigates the mechanical properties of variably-altered samples prepared from the same block. In this 
study, using triaxial deformation experiments, we detail the influence of intermediate and advanced 
argillic hydrothermal alteration on the mechanical behavior and failure mode of andesite sourced from a 
single block collected from Pinnacle Ridge, Mt. Ruapehu (New Zealand). In doing so, we present novel 
data that show that mechanical behavior depends on the altered condition of the lava and can be highly 
variable over short distances. We then discuss the relevance of his behavioral change for volcanic 
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4.1.1 Pinnacle Ridge, Mt. Ruapehu 
Mt. Ruapehu is an active andesitic stratovolcano on New Zealand’s North Island at the southern end of 
the Taupō Volcanic Zone (Figure 4.1a; Cole, 1990). Pinnacle Ridge, located on the northwestern flank of 
Mt. Ruapehu, is composed of the oldest (250 ka) exposed geologic unit – the Te Herenga Formation 
(Figure 4.1b). Pinnacle Ridge has been subject to several intrusive events, which provided the heat for a 
shallow hydrothermal system that altered the volcanic host rock (Hackett, 1985). Younger glaciation (~10 
ka) exposed a 400 m-wide alteration halo surrounding the shallow intrusive system (Figure 4.1c). The 
alteration phases of the rocks exposed are predominantly consistent with advanced argillic alteration 
which occurred at < 500 m depth (Hackett, 1985; Mordensky et al., 2018) and is typical of hot acidic fluids 
circulating within the shallow parts of andesitic stratovolcanoes (Henley & Ellis, 1983). Pinnacle Ridge 
therefore emerges as an ideal case study site for investigating the influence of argillic alteration on 
mechanical behavior and failure mode. 
4.2 Materials and methods 
4.2.1 Sample description 
To study the influence of alteration on mechanical behavior and failure mode, we chose a single block of 
a single primary lithology that exhibits a variation in alteration intensity. The block (block 031; Figure 
4.1d) is altered dense coherent lava, as defined by Mordensky et al. (2018). Six samples (40 mm in length 
and 20 mm in diameter) were prepared from the block: two with only intermediate argillic alteration and 
four with later-stage, advanced argillic alteration superimposed upon the earlier intermediate argillic 
alteration (Figures 4.1d, 4.2). We additionally prepared samples from another block displaying 
superimposed advanced argillic alteration (block 018) from the altered brecciated lava margin (Figure 
4.1e) to study the influence of effective pressure (depth) on the mechanical behavior and failure mode of 
altered andesitic lava in greater detail. The connected porosity and permeability of these samples (Table 
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Figure 4.1 Site and sample reference. (a) Location of Pinnacle Ridge on Mt. Ruapehu (New Zealand). The 
locations of the Taupō Volcanic Zone boundaries are provided along with the locations of geothermal 
fields, active caldera boundaries, and inferred caldera boundaries. Adapted from Wilson et al. (1995). (b) 
Geological formations of Mt. Ruapehu and location of Pinnacle Ridge. Adapted from Hackett (1985). (c) 
Sample locations on Pinnacle Ridge. Exposed intrusion outlined (dashed black) (d) Dense coherent lava 
sample block (031) from which samples with advanced and intermediate argillic alteration were cored. 
The samples with advanced argillic alteration are toward the outside of the sample block (031-1, -2, -3 and 
-6), which was in contact with a joint system. The interior of the sample block has intermediate argillic 
alteration (031-4 and -5). (e) Brecciated lava margin sample suite with advanced argillic alteration (018 
sample series). Adv. Arg. – Advanced argillic. Int. Arg. – Intermediate argillic. 
4.2.2 Sample composition and microstructural characterization 
Using X-ray powder diffraction analysis, scanning electron microscopy (SEM), and Raman spectroscopy, 
we find that the samples in this study host one of two alteration types (intermediate argillic and 
advanced argillic; see Table 4.S1 and Corbett & Leach, 1998). Both types of alteration are commonly found 
at shallow depths (< 1 km; see Cooke et al., 2014), but can be produced by several processes (Rye et al., 
1991). All samples display an early intermediate argillic alteration with smectites and minor illite that is 
associated with pyrite and cristobalite (Figure 4.2a). Some samples (031-1, -2, -3, -6 and 018-series) show 
superimposed advanced argillic alteration with pore-filling kaolinite and sulfate phases (Figure 4.2b,c). 
 
CHAPTER 4: INFLUENCE OF ALTERATION ON THE MECHANICAL BEHAVIOR 113 
The dense coherent lava with only intermediate argillic alteration (from block 031) is composed 
of a glassy groundmass containing plagioclase microlites and a predominantly plagioclase phenocryst 
assemblage accompanied by pyroxene phenocrysts mostly altered to smectitic clay (~100 µm-1 mm 
across; Figure 4.2d). The porosity is predominantly pores ranging from 100 to 200 µm across, with some 
pores up to 2 mm across; there are few microcracks within the groundmass. The dense coherent lava with 
advanced argillic alteration (also from block 031) also contains relic phenocryst textures (Figure 4.2e) with 
more intensely altered plagioclases and completely altered pyroxenes. Several phenocryst relics have 
void space (< 200 µm across) from dissolution. A smectite- and kaolinite-clay groundmass hosts 
microcracks (0.5 - > 5 mm in length). The brecciated lava margin with advanced argillic alteration (block 
018) contains sub-angular to sub-rounded pores (50-700 µm across) in a very fine clay-rich (smectite and 
kaolinite) groundmass with mostly plagioclase and pyroxene phenocrysts (~100 µm-1 mm across) 
partially altered to clay (Figure 4.2e). In general, the samples with advanced argillic alteration host 
substantially greater clay contents (29 – 45 ± 7 wt.%) than the samples with intermediate argillic alteration 
(12 ± 2 wt.%; Table 4.S1). 
4.2.3 Triaxial deformation experiments 
All the prepared samples were deformed under conventional triaxial conditions (σ1 > σ2 = σ3) at a constant 
strain rate of 1.0 × 10-5 s-1. Confining and pore fluid (deionized water) pressures were applied and held 
constant at the chosen target pressures using servo-controlled pressure intensifiers. During deformation, 
axial load and displacement were recorded using a load cell and a linear variable differential transducer, 
respectively. The change in pore volume was monitored using a pore pressure volumometer. These 
measurements were converted to axial stress, axial strain, and porosity change using the sample 
dimensions. We assume herein a simple effective pressure law (where effective pressure, PE, is equal to 
the confining pressure, PC, minus the pore fluid pressure, PP), an assumption shown to be appropriate for 
porous andesites (Farquharson et al., 2016a). 
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Figure 4.2 Secondary electron (left) and backscattered electron (right) SEM images of undeformed sample 
microstructure. Porosity is black. (a) Predominantly intermediate argillic alteration with minor kaolinite 
precipitation along pore boundary. (b) Pore-filling kaolinite and barite precipitates superimposed upon 
smectite clay. (c) Intermediate argillic alteration (pyrite and smectite clay) superimposed by an advanced 
argillic phase (pore-filling kaolinite). (d) Dense coherent lava with intermediate argillic alteration (from 
block 031). (e) Dense coherent lava with advanced argillic alteration (from block 031). (f) Brecciated lava 
margin with advanced argillic alteration (block 018). Sm-Smectite; Kao-Kaolinite; Pyr-Pyrite; Pyx-
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4.3 Results 
4.3.1 Comparing mechanical behavior between alteration types 
The stress-strain curves for the variably altered dense coherent lava (block 031) at an effective pressure of 
10 MPa are shown in Figure 4.3a. The corresponding porosity-change curves as a function of axial strain 
are shown in Figure 4.3b. The samples with intermediate argillic alteration (Figure 4.3a) display classical 
brittle mechanical behavior (Wong & Baud, 2012): a peak stress is reached (peak differential stresses 
reported in Table 4.S3), followed by strain softening (a stress decrease). Further evidence is provided by 
the porosity change data (Figure 4.3b), which show that the less altered samples first show a small 
amount of compaction (usually interpreted as microcrack closure; Hoek and Bieniawski (1965)) and then 
dilate significantly (usually interpreted as microcrack initiation; Brace et al. (1966)) as a function of 
increasing axial strain. The samples with advanced argillic alteration display classically ductile 
mechanical behavior (Wong & Baud, 2012) characterized by an absence of both strain softening (Figure 
4.3a) and dilation (Figure 4.3b).  
4.3.2 Mechanical behavior of altered rock under different effective pressures 
The stress-strain curves for the brecciated lava margin with advanced argillic alteration (block 018) at 
effective pressures between 1 and 15 MPa (Table 4.S3) are shown in Figure 4.3c. The corresponding 
porosity-change curves as a function of axial strain are shown in Figure 4.3d. These data show that the 
lava is brittle at pressures of 1 and 5 MPa and ductile at pressures of 10 and 15 MPa (Figures 4.3c,d). The 
sample deformed at a pressure of 15 MPa exhibits strain hardening (Figure 4.3c). 
4.3.3 Post-deformation microstructure 
Post-deformation microstructures for the brittle and ductile experiments are provided in Figure 4.4. In 
both sample suites, brittle failure is associated with the formation and coalescence of microcracks to form 
a through-going shear fracture (Figure 4.4a,c). By contrast, ductile deformation is associated with 
cataclastic pore collapse and the absence of strain localization (Figure 4.4b,d).  
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Figure 4.3 Mechanical data for variably altered dense coherent lava hosting varying alteration (a, b) and 
altered brecciated lava margin under varying deformation conditions (c, d). (a) Stress-strain curves for the 
031 sample series deformed at PE = 10 MPa. (b) Porosity reduction as a function of axial strain for the 031 
sample series deformed at PE = 10 MPa. (c) Stress-strain curves the 018 sample series. (d) Porosity 
reduction as a function of axial strain for the 018 sample series.  
4.4 Discussion 
4.4.1 Influence of alteration on mechanical behavior and failure mode 
Our mechanical data (Figures 4.3a,b) and post-deformation microstructures (Figures 4.4a,b) show that the 
presence of advanced argillic alteration leads to a change in sample failure mode: samples without 
advanced argillic alteration deformed in a brittle manner at 𝑃𝐸  = 10 MPa, whereas samples with advanced 
argillic alteration were ductile under the same conditions. The switch in failure mode is partially a result 
of the increase in porosity with the advanced argillic alteration: the porosity of the samples with only 
intermediate argillic alteration (~12 vol.%) is roughly half that of the samples with advanced argillic 
alteration (~24 vol.%; Table 4.S2). Because of the porosity dependence of the brittle-ductile transition in 
volcanic rocks (Heap et al., 2015a), high-porosity samples will likely be ductile at lower effective pressures 
than low-porosity samples. However, we also attribute deformation behavior to the mineralogical 
composition. Published triaxial data for an unaltered andesite from Volcán de Colima, Mexico, show that 
ductile behavior in a rock containing 24 vol.% porosity is encountered at an effective pressure of 30 MPa 
(Heap et al., 2015a), much higher than the effective pressure used for the experiments presented here (10 
MPa). We interpret the switch to ductile behavior at low effective pressure compared to similarly porous 
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unaltered rock (10 versus 30 MPa) as the result of the high clay (smectite and kaolinite) content (45 wt.%; 
Table 4.S1) in the andesite with advanced argillic alteration. The presence of clays is well-known to reduce 
rock strength (Hawkins & McConnell, 1992; Baud et al., 2000) and, according to our data, also reduces the 
effective pressure required for ductile behavior. This interpretation is consistent with existing data of 
hydrothermally altered andesite from the Rotokawa Geothermal Field, New Zealand, that show 
moderately and highly altered andesites deform through brittle and ductile behaviour, respectively, 
despite similar porosity values (14.8 and 14.0 %, respectively) at 𝑃𝐸  = 40 MPa (Siratovich et al., 2016). 
4.4.2 Influence of effective pressure on mechanical behavior and failure mode 
Our mechanical data (Figures 4.3c,d) and post-deformation microstructures (Figures 4.4c,d) show that an 
increase in effective pressure leads to a change in sample failure mode: samples are brittle at low effective 
pressures (1-5 MPa) and ductile at high effective pressure (10-15 MPa). The pressure dependence of the 
brittle-ductile transition in volcanic rocks has been studied by many authors and is accompanied by a 
switch in the dominant microstructural deformation mechanism from microcracking to cataclastic pore 
collapse (Kennedy et al., 2009; Zhu et al., 2011; Loaiza et al., 2012; Adelinet et al., 2013; Heap et al., 2015a; 
Heap et al., 2015b; Siratovich et al., 2016; Zhu et al., 2016). These ancillary data constrain the effective 
pressure at which andesite with advanced argillic expresses a transition from brittle to ductile behavior. 
The effective pressures at which andesite with advanced argillic alteration begins (> 5 MPa to < 10 MPa) 
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Figure 4.4 Backscattered electron SEM images of deformed sample microstructure. The maximum 
principal stress is oriented vertically in the images. Porosity is black. (a) Dense coherent lava with 
intermediate argillic alteration (block 031; 𝑃𝐸  = 10 MPa). Microfractures cut axially along the sample. (b) 
Dense coherent lava with advanced argillic alteration (block 031;  𝑃𝐸  = 10 MPa). Pore margins display 
cataclastic pore collapse. (c) Brecciated lava margin with intermediate argillic alteration (block 018; 𝑃𝐸  = 1 
MPa). Microfractures cut axially along the sample in a stepwise pattern across crystals and matrix. (d) 
Brecciated lava margin with advanced argillic alteration (block 018; 𝑃𝐸  = 15 MPa). Cataclastic pore 
collapse predominates deformation.  
4.4.3 Implications for fluid flow and seismicity 
In volcanic rocks, deformation under triaxial conditions can cause porosity to increase or decrease with a 
corresponding increase or decrease in permeability (Farquharson et al., 2016b; Farquharson et al., 2017). 
Mordensky et al. (2018) showed that advanced argillic alteration of andesite can increase the porosity 
from ~12 to ~24 vol.% and permeability from ~4 × 10-16 to ~8 × 10-15 m2 (Table 4.S2). Therefore, although 
 
CHAPTER 4: INFLUENCE OF ALTERATION ON THE MECHANICAL BEHAVIOR 119 
shallow intrusions have the potential to serve as flow barriers (Senger et al., 2017), they may create 
intrusion-related halos with high porosity and permeability. However, while brittle deformation is 
known to increase the permeability of volcanic rocks (Nara et al., 2011; Farquharson et al., 2016b; Pérez-
Flores et al., 2017), ductile deformation associated with a decrease in porosity (Figure 4.3b) can, in 
andesites, reduce permeability by more than an order of magnitude (Farquharson et al., 2017). Our data 
show that the brittle-ductile transition in andesite with advanced argillic alteration is encountered at low 
effective pressure (i.e. shallow depths; Figure 4.3). Therefore, advanced argillic alteration presents a 
means to restrict increases in permeability due to fracturing to the very shallow subsurface (< 100s m) and 
produce a low permeability zone at shallower depths than expected for unaltered andesite (c.a. 100s m to 
1000 m), because inelastic deformation is driven by compactive pore-collapse (Figure 4.5). Below the 
depths hosting argillic alteration, the deformation processes of other alteration assemblages not 
addressed in this study (e.g. propylitic) predominate (see Cooke et al., 2014) and substantial porosity loss 
due to precipitation and/or compaction can promote brittle behavior (Heap et al., 2015a; Siratovich et al., 
2016). These changes to permeability within an edifice, as result of a combination of alteration and 
deformation, have implications for heterogeneous build-up and distribution of pore fluid pressure (Heap 
& Wadsworth, 2016) as well as outgassing and eruptive character (Woods & Koyaguchi, 1994; Degruyter 
et al., 2012; Nguyen et al., 2014; Okumura & Sasaki, 2014; Cassidy et al., 2018). 
 
Figure 4.5 Conceptual model showing a shallow high-porosity zone with higher permeability due to the 
propensity for brittle deformation (yellow), a zone beginning at a few hundred meters depth (~5-10 MPa) 
with ductile deformation and low-permeability due to pore collapse-driven compaction (orange), and a 
deeper alteration zone (e.g. propylitic) with potentially brittle behavior (not addressed in this study). 
Advanced argillic alteration therefore creates an anomalous shallow ductile zone. 
Our data may provide an explanation for the absence of volcano-tectonic seismicity prior to some 
volcanic eruptions. Volcano-tectonic earthquakes are thought to be evidence of brittle host-rock 
deformation caused by the pressures associated with intruding magma (Latter, 1981). These seismic 
patterns have proven to be one of the most reliable methods to forecast volcano eruptions (White & 
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McCausland, 2016). Nonetheless, volcano-tectonic seismicity was notably absent from and, when it rarely 
did occur, not correlated with, the eruptive activity at Mt. Ruapehu from 1971 to 1996 (Sherburn et al., 
1999). Only after several weeks into the 1995-1996 Mt. Ruapehu eruptive sequence, the largest eruptive 
sequence from Mt. Ruapehu in over 70 years (Sherburn et al., 1999), did volcano-tectonic seismicity return 
with more regularity to the volcano (Bryan & Sherburn, 1999). Bryan and Sherburn (1999) propose the 
change in seismicity was a transition from ductile to brittle behavior in the edifice. Our results provide an 
explanation for this transition, and thereby the absence of volcano-tectonic seismicity prior to an 
eruption, by showing that a shallow subsurface transition from brittle to ductile behavior is possible in 
the altered andesites (Figure 4.3). In high-elevation environments, advanced argillic alteration and hence 
ductility may extend from ~500 m to beyond 2-km depth (Figure 4.5; White & Hedenquist, 1995) 
explaining the observed absence of earthquakes in this zone. Moreover, absence of volcano-tectonic 
seismic activity is not limited to Mt. Ruapehu. Similar aseismic phenomena are found worldwide (e.g. 
Galeras Volcano, Columbia (Munoz et al., 1993), and Pavlof Volcano, USA (Neal, 1996)). Therefore, we 
suggest that the presence of an anomalous shallow ductile zone in volcanic rocks with advanced argillic 
alteration has immediate relevance to volcanic monitoring worldwide and could offer an explanation for 
other seemingly anomalous forms of volcano-related seismic activity (e.g. magma rise dominated by 
long-period earthquakes; Bean et al., 2014). 
The variables involved in the alteration of volcanic rock in a hydrothermal system (e.g. 
temperature (Jakobsson & Moore, 1986), host-rock composition (Hawkins, 1981), host-rock fracture 
density (Noh & Boles, 1989), pore structure (Mordensky et al., 2018), and fluid composition (Brendt et al., 
1988)) make estimating an alteration rate of volcanics exceedingly difficult and there is no existing model 
that encapsulates these variables. However, numerical modelling by Petcovic and Dufek (2005) suggest 
that intrusions 10s to 100s of meters wide (such as those at Pinnacle Ridge) would cool over centuries or 
even decades. Jakobsson and Moore (1986) observed that hydrothermal activity at Surtsey (Iceland) 
altered primary volcanic compositions to clays over 12 years. Although the varied conditions may not 
always foster advanced argillic alteration, warm, acidic fluids (e.g. modern Mt. Ruapehu (Christenson, 
2000), Galeras Volcano (Fischer et al., 1996)) will produce similar alteration products (e.g. smectitic and 
kaolinite clays from palagonitization; Henley & Ellis, 1983; Jakobsson & Moore, 1986) and will likely have 
similar effects on rock deformation behavior as the clays from advanced argillic alteration. Therefore, we 
conclude that primary volcanic material can alter to materials that have fundamentally different 
mechanical properties (i.e. brittle or ductile), in as little as 10 years and, under the right chemical and 
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physical conditions, these newly altered volcanics could inhibit pre-eruptive indicators (i.e. volcano-
tectonic seismicity) that may have otherwise been observed. 
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Chapter 5 Preamble 
In Chapter 3, I present mechanical and physical property data data from intact lab samples from a glacially 
dissected, fossil hydrothermal system at Pinnacle Ridge, Mt. Ruapehu, New Zealand. Then, in Chapter 4, I 
detail the effect varying types of alteration have on the rock properties of andesite. In Chapter 5, I return to 
addressing the seven geotechnical units at Pinnacle Ridge and discuss these rock masses at an outcrop-
scale using data from field observations (rock mass classification, scanline data of discontinuities, in situ 
permeability data, Schmidt hammer data) (Fig. 1). 
Chapter 5 has been published in the Journal of Volcanology and Geothermal Research. This chapter is presented 
in its published format: 
Mordensky, S. P., Villeneuve, M. C., Farquharson, J. I., Kennedy, B. M., Heap, M. J., Gravley, D. (2018) 
Rock mass properties and edifice strength data from Pinnacle Ridge, Mt. Ruapehu, New Zealand. 
Journal of Volcanology and Geothermal Research 367, 42-62. 
https://doi.org/10.1016/j.jvolgeores.2018.09.012 
 
Figure 1. Primary site locations specific to the research presented in this study. (a) Sites of the two 
hydrothermal systems in New Zealand. (b) Sites specific to Chapters 3 – 6 at Pinnacle Ridge. Solid black 
polygon marks boundary of the largest young intrusion. Scale is approximate. 
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Abstract 
Volcanic edifices exhibit spatially variable physical and mechanical properties. Magmatic intrusions are 
common at shallow depths within the volcanic edifice and are a poorly-understood contributor to this 
spatial variability. Intrusion-related alteration has been found to weaken rock mass strength through the 
development of joints and fractures; however, there is a paucity of research investigating how intrusions 
affect rock mass strength specific to the geotechnical units that define the rock masses. In this study, we 
employ a range of field techniques—field permeametry, rock hardness assessment, rock mass classification, 
and discontinuity mapping—to characterise an exposed fossil geothermal system produced by a shallow 
intrusion at Pinnacle Ridge, Mt. Ruapehu (New Zealand). We find that intrusions detrimentally affect the 
rock mass characteristics of altered brecciated lava margins. The resulting change in rock mass strength 
may be offset by an increase in intact rock strength as a product of alteration mineral precipitation in 
microfractures. Consequently, the final strength of the rock mass of the altered brecciated lava margins has 
the potential to be lowest of any of the geotechnical units in the volcanic edifice. We also conclude that 
these discontinuities increase permeability of the host rock at distances from the intrusion roughly 
proportional to 1–2 times the thickness of the intrusion itself under near-surface conditions. The data and 
conclusions presented in this study help to bridge the gap between the lab- and the field-scale and have 
immediate relevance to engineering geology and geothermal applications worldwide, and to rock mass 
classification assessments in volcanic environments. 
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5.1 Introduction 
Many studies have raised attention to the hazards presented by volcanoes (e.g. Houghton et al., 1987; 
McGuire, 1998; Voight, 2000; Lecointre et al., 2004; Thomas et al., 2004a), but understanding these hazards 
is not straightforward as volcanoes are diverse systems exhibiting heterogeneously composite structures 
(e.g. McGuire, 1996; Watters et al., 2000; Gudmundsson, 2012, and references therein). In addition to 
comprising a more-or-less haphazard interlayering of mechanically heterogeneous materials deposited 
over varying timespans, volcanoes are often also crosscut by intrusive magma bodies. Magmatic intrusion 
occurs ubiquitously across an array of edifice sizes and shapes (e.g. Mount Kilauea [United States], South 
Sister [United States], Mt. Ruapehu [New Zealand], Red Crater [New Zealand]). Intrusive events are 
commonly accepted to be driven by buoyancy disequilibria (Thomson and Schofield, 2008). They occur in 
both compressional and extensional environments, and the pressure that intrusive magma exerts on its 
surrounding environment generates compressional and tensile stresses under near-surface conditions 
(Vigneresse et al., 1999; Galland et al., 2003; Casey et al., 2006; Galland et al., 2009). Magmatic intrusions 
can exist in several forms: they can be planar (e.g. sills and dikes; Healy et al., 2018), or less geometrically 
rigid amorphous bodies of magma (Vigneresse et al., 1999; Valentine and Krogh, 2006; Keating et al., 2007). 
Given the pervasive nature and occurrence of magmatic intrusions, they exert an influential control 
on the mechanical and physical characteristics of their volcanic host-rock. There are several parameters that 
determine edifice behaviour and whether it poses a hazard, including edifice permeability (e.g. Jaupart, 
1998; Edmonds et al., 2003; Mueller et al., 2008; Taisne and Juapart, 2008; Gaunt et al., 2014; Okumura and 
Sasaki, 2014; Farquharson et al., 2015) and discontinuity characteristics (e.g. Schultz, 1995; Watters et al., 
2000). Thus, it is necessary to understand how intrusions affect these properties—edifice permeability and 
discontinuities—in order to model the aggregate hazard presented by an edifice. 
Permeability serves as a primary control of outgassing processes in volcanic systems and, therefore, 
is thought to influence eruptive style (e.g. Jaupart, 1998; Voight and Elsworth, 2000; Edmonds et al., 2003; 
Taisne and Juapart, 2008; Castro et al., 2014; Farquharson et al., 2017) and explosivity (e.g. Eichelberger et 
al., 1986; Woods and Koyaguchi, 1994; Edmonds and Herd, 2007; Castro et al., 2014; Okumura and Sasaki, 
2014; Chevallier et al., 2017). Consequently, many studies have detailed the permeability of hydrothermally 
altered material (e.g. Pola et al., 2012; Siratovich et al., 2014; Wyering et al., 2014; Siratovich et al., 2015; 
Mayer et al., 2016; Heap et al., 2017; Mayer et al., 2017; Mordensky et al., 2018). In general, laboratory-
derived permeability data have been obtained on centimetre-scale samples. Accordingly, there are few data 
that detail the influence of field-scale phenomena on permeability in volcanic environments. Recently, 
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Mordensky et al. (2018) sought to explore the influence of macro-scale deformation from a shallow igneous 
intrusion on sample-scale, volcanic rock geomechanical properties (e.g. porosity, permeability, uniaxial 
compressive strength [UCS]) over edifice-relevant distances (i.e. <10 m to 100 + m). Nevertheless, the issue 
of upscaling—transferring data from the sample- to the field-scale—still remains: how do the studied 
volume of rock and the discontinuities contained therein affect permeability? Moreover, how does 
permeability evolve proximal to an intrusion? 
Discontinuities (e.g. joints, fractures, veins, faults, beds) serve as a first-order control in the strength 
of a rock mass (e.g. Jaeger, 1960; McLamore and Gray, 1967; Schultz, 1995; Watters et al., 2000; Thomas et 
al., 2004b). Rock blocks move, rotate, and/or crush under stress depending on the number, orientation, and 
nature of discontinuities (Hoek, 1983). Although Thomas et al. (2004b) observed that volcanic rock mass 
strength appears independent of magma composition and age, several studies have found hydrothermal 
alteration weakens rock at the sample-scale (e.g. Watters and Delhaut, 1995; Pola et al., 2012; Frolova et al., 
2014; Pola et al., 2014; Wyering et al., 2014; Heap et al., 2015; Wyering et al., 2015; Siratovich et al., 2016). 
Similarly, hydrothermal alteration of primary volcanic rock is associated with a weaker volcanic edifice 
(Crowley and Zimbelman, 1997). More specifically, Watters and Delhaut (1995) found that alteration can 
not only decrease the UCS of rock but also increase the discontinuity density. Similarly, Watters et al. (2000) 
concluded that discontinuities containing secondary clay or infilling material (i.e. alteration products) 
contribute to weakening the rock mass of the edifice. Given the prevalence of intrusions in volcanic 
environments (e.g. Rubin, 1995; Gudmundsson, 2002, Gudmundsson, 2003; Stewart et al., 2003) and the 
potential for intrusions to alter their host rock (e.g. Henley and Ellis, 1983; Cathles et al., 1997), it is 
imperative to characterise the discontinuity characteristics surrounding intrusions in order to understand 
the hazards associated with the intrusions. 
To understand how permeability and discontinuity characteristics relate to magmatic intrusions, 
we spent four field seasons (2015–2018) employing a variety of field methods (e.g. field permeametry, 
Schmidt hammer analysis, rock mass classification, and discontinuity scanline mapping,) to collect in situ 
data on a series of outcrops at Pinnacle Ridge (Mount Ruapehu, New Zealand). From the data collected 
during these field campaigns, we find the following: (1) an intrusion increases permeability in the host rock 
up to distances 1–2 times the thickness of the intrusion; (2) the rock mass classification values of altered 
brecciated lava margins are statistically less than that of unaltered brecciated lava margins; (3) although 
the rock mass classification values for altered intrusions and dense coherent lavas are generally less than 
that of their counterparts, this difference is not statistically significant; and (4) the lower rock mass 
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classification values of the altered brecciated lava margin present the potential for the altered brecciated 
lava margins to be the weakest geotechnical unit in a volcanic edifice. 
While doing so, we also complete the geotechnical characterisation of Pinnacle Ridge by describing 
the macro-discontinuity characteristics of the geotechnical units defined by Mordensky et al. (2018), who 
characterise lab-scale geomechanical properties. The data collected during this research in conjunction with 
Mordensky et al. (2018) provide insight for modelling for the effects of shallow intrusion emplacement in 
a volcanic environment. 
5.1.1 Study area 
Mt. Ruapehu is an active stratovolcano situated in Tongariro National Park on the North Island of New 
Zealand (Fig. 5.1a). It is the southernmost expression of the Taupō Volcanic Zone (TVZ). Constructed by 
four major cone-building episodes (Fig. 5.1b), Mt. Ruapehu is characterise by a range of eruptive styles 
over the last 240 ka, including subplinian, strombolian, phreatomagmatic and vulcanian (Latter, 1986; 
Houghton et al., 1987; Pardo, 2012; Townsend et al., 2017). It has been postulated that alteration of the cone 
complex weakened the volcanic edifice and contributed to a substantial flank collapse event ~10 ka (Hackett 
and Houghton, 1989). Slope collapse remains the potentially most destructive force at Mt. Ruapehu given 
its potential for high velocity and large volume. A modern-day equivalent would be the failure of the 
summit crater lake wall, which would have catastrophic consequences to the east and southeast, where 
New Zealand State Highway 1 and high tension electric transmission lines serve as vital infrastructure 
connecting the northern and southern regions of the island (Hackett and Houghton, 1989). Alteration is 
prevalent around the crater lake (Hackett, 1985), and the crater lake wall in question is composed of 
materials of variable strengths and mechanical properties (Cook et al., 2018). 
Pinnacle Ridge is located on the north-western flank of Mt. Ruapehu (Fig. 5.1b, c). Although 
Pinnacle Ridge defines the western boundary of the popularly visited Whakapapa Ski Field, it is several 
hundred thousand years older than the adjacent lava flows of the Whakapapa formation (Hackett, 1985; 
Townsend et al., 2017). Consequently, Pinnacle Ridge has also been subject to several intrusive events, 
which altered the volcanic host rock, before being glacially dissected >10 ka, exposing the internal structure 
of a once shallow subsurface igneous intrusive system (Hackett, 1985). The combination of intrusion-
related alteration and glacial carving has created a complex of steep volcanic talus slopes and cliffs with 
the varying jointing orientations in the host rock and intrusion (Fig. 5.1d, e, f). 
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Figure 5.1 Study area on Pinnacle Ridge, Mt. Ruapehu, New Zealand. Scales are approximate. (a) North 
Island, New Zealand and the active TVZ boundaries (dashed black) with the locations of geothermal fields 
(black), active caldera boundaries (black outline), and inferred caldera boundaries (red outline). Adapted 
from Wilson et al. (1995). (b) Simplified depiction of Mt. Ruapehu formations (green, blue, pink, and 
yellow) as depicted in Hackett (1985). For detailed view of formations, see Townsend et al. (2017). Major 
roads for reference. Pinnacle Ridge is marked by a hollow, red symbol on the northwestern flank of Mt. 
Ruapehu. Adapted from Hackett (1985) and Mordensky et al. (2018). Formation ages from Gamble et al. 
(2003) and Conway et al. (2016). (c) Pinnacle Ridge and locations of TinyPerm and Schmidt hammer 
analyses (i.e. Site 1, 2, and 3; grey) and scanline transects (yellow) numbered 1–20. The largest, young 
intrusion is outlined (black) immediately right of centre in frame. (d) Site 1 study area (grey) for meso-scale 
(<1 m) TinyPerm and Schmidt hammer analyses. The oblique view is to the north-northwest. The largest, 
young intrusion is outlined (black) left of centre in frame. (e) Site 2 study area (grey) for macro-scale 
TinyPerm analyses at 1-m intervals. The view is oblique to the north-northwest. (f) Site 3 study area (grey) 
for mega-scale (10+ m) TinyPerm and Schmidt hammer analyses. The profile view of Pinnacle Ridge is to 
the east-southeast. The largest, young intrusion is outlined (black) left of centre in frame. 
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Pinnacle Ridge is composed of the oldest volcanic unit exposed at Mt. Ruapehu, the Te Herenga 
Formation (240–154 ka; Fig. 5.1b; Hackett, 1985; Hackett and Houghton, 1989; Conway et al., 2016). The 
unaltered Te Herenga lavas (54.9–58.0 wt% SiO2 and 4.4–5.4 wt% MgO) of Pinnacle Ridge predominantly 
host clinopyroxene glomerocrysts, orthopyroxene, and plagioclase (Price et al., 2012). Hackett and 
Houghton (1985) describe Pinnacle Ridge as interlayered lava flows and subplinian welded airfall with 
original welding textures only observed in weakly welded lenses. The Whakapapa Formation 
unconformably mantles the Te Herenga Formation to the north, outside the research area of this study 
(Townsend et al., 2017). Several dikes and stocky intrusions, the largest of which (130 × 64 m) we refer to as 
the largest, young intrusion (Fig. 5.1c, d, f), are exposed in the dissected region of Pinnacle Ridge. The 
intrusions at Pinnacle Ridge are chemically similar to the lavas of the Te Herenga formation and are 
interpreted to be geologically similar in age and origin (Houghton et al., 1987). A 500 m-wide, orange-
brown alteration halo surrounding a large intrusion in Pinnacle Ridge is visible from Knoll Ridge Café 
(New Zealand's highest café at 2020 m). The altered rock contains hydrothermally deposited silica and 
kaolinite, suggesting shallow alteration depths (Houghton et al., 1987). These observations are reinforced 
by TerraSpec analysis that revealed advanced argillic alteration consistent with shallow, low-temperature 
alteration (Mordensky et al., 2018). 
5.1.2 Geotechnical units of Pinnacle Ridge 
del Potro and Hürlimann (2008) recognised the importance of establishing common nomenclature when 
discussing the geotechnical and engineering-related aspects of volcanic material, defining geomechanical 
characterisation that subsequently became standard practice. Mordensky et al. (2018) applied these 
concepts to Pinnacle Ridge using the geomechanical properties of laboratory samples (20-mm 
diameter × 40-mm length) and mapped its geotechnical units as: 1) unaltered brecciated lava margin 
(UBLM); 2) altered brecciated lava margin (ABLM); 3) unaltered dense coherent lava (UDCL); 4) altered 
dense coherent lava (ADCL); 5) unaltered intrusion (UI); 6) altered intrusion (AI); and 7) hydrothermal vein 
(HV). In doing so, Mordensky et al. (2018) provided a description of the geotechnical units. Here, we 
provide a brief summary of the units, but refer the reader to Mordensky et al. (2018) for a more thorough 
description. 
Interlayered UDCL and UBLM constitute the majority rock mass outside the alteration halo. UDCL 
is observed as grey-dark grey, 1–3 m cliffs and has columnar joints (Conway et al., 2015). In thin-section, 
UDCL has microfractures that seldom intersect. UBLM forms 1–3 m high, low-angled slopes between the 
layers of UDCL. UBLM is predominantly matrix supported with sub-angular to angular clasts <1 cm to 10s 
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of cm across. Vesicles predominate UBLM porosity, but thin-section analysis shows matrix- and 
phenocryst-hosted microfractures <200 μm in length. Both geotechnical lava units host a porphyritic 
texture with 100 μm–3 cm plagioclase and clinopyroxene phenocrysts in a plagioclase, pyroxene, glass 
groundmass. 
Inside the alteration halo, ADCL forms 1–3 m cliffs, but have a slight orange-brown discolouration. 
This discolouration is revealed in thin-section a product of light alteration along discontinuity boundaries 
from primary igneous minerals (e.g. plagioclase and clinopyroxene) to alteration mineralogy (e.g. kaolinite 
and smectite). ADCL has matrix-hosted, intersecting microfractures >200 μm in length. 
ABLM forms slopes inside the alteration halo and is interbedded with ADCL. The groundmass 
and phenocryst assemblages of ABLM altered to smectite and kaolinite which give the geotechnical unit its 
yellow-, orange-, and red-brown colours. These same alteration products precipitated in pore spaces (e.g. 
microfractures). 
UI forms large, grey cliff faces inside and outside the alteration halo at Pinnacle Ridge. UI appear 
in two varieties: 1) dikes (2–5 m across; Fig. 5.1e) and stocky intrusions (10–130 m across; Fig. 5.1c, d). Both 
forms bear mineral assemblages similar to UDCL and UBLM and host columnar joints (Hackett, 1985; 
Conway et al., 2015). In thin-section, UI has isolated, <100-μm microfractures. 
AI is found only within the alteration halo with the same primary mineralogy as UI, UDCL, and 
UBLM. AI appears orange-grey faces as a result of alteration of the primary mineralogy to smectite and 
kaolinite preferential to free-surface boundaries and clinopyroxene phenocrysts. AI has longer matrix-
hosted microfractures (>200+ μm) than UI. 
HV appears in 0.5-cm to 1-m vein <50 m around the largest young intrusion at Pinnacle Ridge. 
Distinctly white from kaolinite precipitation, veins form topographic lows and are often covered by talus. 
Microfractures have <1-mm apertures and can be >100 s of μm in length. 
5.2 Methods 
Field permeametry, Schmidt hammer analyses, discontinuity scanline transects, and rock mass 
classification were predominantly completed along the western exposure of the altered zone of Pinnacle 
Ridge (Fig. 5.1c) as safety concerns limited access to the east side of the ridge. 
 
 
CHAPTER 5: ROCK MASS PROPERTIES AND EDIFICE STRENGTH DATA FROM PINNACLE RIDGE  133 
5.2.1 Field permeametry 
We obtained field permeability measurements using the TinyPerm II and TinyPerm III (by New England 
Research Inc.) to measure permeability values not captured in the earlier lab-based permeability study 
(Mordensky et al., 2018). The TinyPerm is a portable air permeameter that is operated by placing its 10-mm 
nozzle against a rock surface and then creating a vacuum within the nozzle-rock interface. Permeability is 
calculated as a function of the transient vacuum as described in Brown and Smith (2013). The TinyPerm 
provided a means of obtaining rapid permeability data in other volcanic studies (e.g. Vignaroli et al., 2014; 
Farquharson et al., 2015; Schaefer et al., 2015; Heap et al., 2017; Lamur et al., 2017). The TinyPerm III is rated 
to provide permeabilities as low as 6.92 × 10−16 m2 and Farquharson et al. (2015) demonstrated that the 
TinyPerm II can reliably measure volcanic rocks with permeabilities from to 10−15 to 10−12 m2. Heap et al. 
(2017) note that the TinyPerm measuring technique is nominally isotropic even if the rock mass itself is 
anisotropic, given that the test operates by forcing air through the volume of rock immediately close to the 
nozzle. 
We measured permeability at three scales around Pinnacle Ridge, at varying distances to the main 
intrusive body to assess the influence of intrusions at the meso- (sub-metre [Site 1]), macro- (1-m [Site 2]), 
and mega- (10+ m [Site 3]) scales. Sites 1 (Fig. 5.1d) and 3 (Fig. 5.1f) capture permeability values at the meso-
scale and mega-scale, respectively, in the altered zone adjacent to the youngest, large intrusion. Site 2 (Fig. 
5.1e) captures permeability at macro-scale in unaltered host rock around a dike outside the alteration zone. 
Given the potential for a falsely high permeability value resulting from a poor seal at the nozzle-rock 
interface, we collected multiple (n = 5–10) TinyPerm measurements at each site and report the average of 
the lowest 3 values. 
5.2.2 Schmidt hammer analysis 
The Schmidt hammer works by releasing a spring-driven piston onto a free surface; the piston rebound is 
then registered by the hammer and can be read directly by the user. Relatively hard surfaces yield higher 
rebound values than softer surfaces, and this value has been shown to correlate with the strength of the 
rock (e.g. Deere and Miller, 1966; del Potro and Hürlimann, 2008; Kilic and Teymen, 2008). A type-L 
Schmidt hammer was used given its design for weaker (<60 MPa) rocks. During data collection, the Schmidt 
hammer was held perpendicular to a flat and vertical rock surface so that the Schmidt hammer maintained 
a horizontal orientation. Following the methods defined by Aydin (2014), we chose areas of outcrop that 
are representative of the rock mass and free of surface debris for Schmidt hammer rebound measurements. 
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Single impacts were separated by a minimum of the plunger diameter. We followed the methods of 
previous geological studies using Schmidt hammers and averaged the highest 10 rebound values from the 
50+ rebound values from each test surface (e.g. Torabi et al., 2010). 
5.2.3 Discontinuity data collection 
We employed two discontinuity collection techniques: rock mass classification and discontinuity scanline 
mapping of the rock masses of Pinnacle Ridge: 
5.2.3.1. Geotechnical characterisation and rock mass classification 
Mordensky et al. (2018) parametrized the characteristics of the geotechnical units at Pinnacle Ridge on a 
sample scale (20-mm diameter × 40-mm length); however, the characterisation for these units stood 
incomplete as the lab-based study did not detail the discontinuity data required for complete geotechnical 
classification. We complete the geotechnical characterisation by observing macro-discontinuity 
characteristics using two rock mass classification methods, the Geological Strength Index (GSI; Marinos 
and Hoek, 2000; Hoek et al., 2013) and the Rock Mass Rating (RMR; Bieniawski, 1989). We augment our 
scanline data with rock mass classification data because the terrain hazards of Pinnacle Ridge precluded 
scanline mapping over the majority of the region. Rock mass classification serves as a first-order method 
to assess and consider rock mass strength at an outcrop scale. The RMR method considers intact rock 
strength in conjunction with discontinuity spacing, condition, groundwater, length, aperture, texture, 
weathering, and infill to assess rock mass strength. The GSI method considers discontinuity structure and 
surface conditions. These geotechnical techniques have been used in hundreds of excavation, mining, and 
engineering applications and have also been used in studies of volcanic edifices assessing rock mass 
strength (e.g. Schultz, 1995; Watters et al., 2000; Okubo, 2004; Apuani et al., 2005; Moon et al., 2005; 
González de Vallejo and Ferrer, 2006; del Potro and Hürlimann, 2008). 
We then conduct a simple two-tailed Student's t-test to compare the rock mass classification values 
of the unaltered and altered geotechnical unit pairs (see Nikulin, 1994). We test the null hypothesis that the 
mean rock mass classification value of the unaltered rock mass is equal to that of the altered rock mass (Eq. 
(1)). 
 x̅𝑎 = x̅𝑢 (1) 
In which x̅𝑎 is the GSI or RMR mean from the outcrops of an altered geotechnical unit, and x̅𝑢 is the GSI or 
RMR from the outcrops of the respective, unaltered geotechnical unit. 
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 at from a Student's t distribution table for which α is the chosen significance level (α = 0.05 in 
this study). 
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In which sa and na are the sample standard deviation and sample size, respectively, of the data from the 
altered geotechnical unit, su and nu are the sample standard deviation and sample size, respectively, of the 
data from the respective, unaltered geotechnical unit. 
If the |𝑡 –  𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 |  >  𝑡𝛼
2
,𝑑𝑓 at α = 0.05 and t – statistic < 0, we reject the null hypothesis in favour 
of the alternative hypothesis (Eq. (5)) 
 x̅𝑎 < x̅𝑢 (5) 
We then provide the 95% confidence interval (CI0.95), the interval that has a 95% probability to 
contain the true mean difference, provided by Eq. (6). 
 𝐶𝐼.95 = (x̅𝑎 − x̅𝑢) ±  𝑡0.05
2
,𝑑𝑓
× 𝑆𝐸 (6) 
5.2.3.2. Scanline discontinuity mapping 
We conducted limited scanline discontinuity mapping to record detailed discontinuity characteristics, 
discontinuity type, dip direction, dip, frequency, endpoint visibility, number of visible endpoints, 
termination type, strike, aperture, rock type, trace length, exposure area, texture, infill, staining, and 
seepage consistent with other geomechanical studies of igneous systems (e.g. Moon et al., 2005; Garden et 
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al., 2017) as presented in Manda and Mabee (2010) to assess discontinuity characteristics along accessible 
regions of the ridge. We did not record discontinuities <10 cm long. 
Areas along Pinnacle Ridge were chosen for scanline mapping as a function of level of 
representation of geotechnical units and accessibility to the site. The 23 scanlines (Fig. 5.1c) were completed 
in pairs (i.e. 46 scanlines total) perpendicular to each other in order to capture discontinuity characteristics 
representative of the rock mass and to minimise directionality bias. The RocScience Dips software was used 
to plot the data for stereonet presentation (Figs. 5.S1–5.S5). 
5.3 Results 
5.3.1 TinyPerm & Schmidt hammer analysis 
The TinyPerm analyses were conducted at three sites around the largest young intrusion to capture data at 
three scales (meso [Fig. 5.2], macro [Fig. 5.3], and mega [Fig. 5.4]). On the meso- (i.e. within 1 m of the contact 
at 50-cm intervals between the largest intrusion and the host rock) and mega-scale (i.e. across the western 
face of Pinnacle Ridge at intervals spanning 10s of metres up to 237 m from the intrusion), Schmidt hammer 
rebound values were collected in conjunction with the TinyPerm measurements. At macro-scale (i.e. 
several hundred metres away from the largest young intrusion) TinyPerm measurements were collected at 
1-m intervals around a 3 m-wide dike. 
5.3.2 Meso-scale (Site 1) 
Site 1 is located along the eastern contact between the intrusion and the host rock, ABLM (Fig. 5.1c, d), 
where we made measurements at 1, 0.5, and < 0.05 m from the intrusion-host rock contact (Fig. 5.2). The 
ABLM permeability data (3.53 × 10−14, 2.10 × 10−13, 1.27 × 10−13 m2 at 1, 0.5, and <0.05 m, respectively, from the 
intrusion-host rock contact) show an increase toward the intrusion while Schmidt hammer rebound values 
(22, 18, and 11, respectively) show a decrease (Fig. 5.2). The intrusion permeability data (6.78 × 10−16, 
8.63 × 10−16, and 4.93 × 10−16 m2, respectively) and Schmidt hammer rebound values (37, 32, and 41, 
respectively) show variability as the contact is approached. 
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Figure 5.2 Site 1 TinyPerm (circle) and Schmidt hammer (square) measurements of ABLM (right, red) and 
UI (left, blue) at 1.0, 0.5, and <0.05 m from the host rock-intrusion contact (black line) east of the largest, 
young intrusion. TinyPerm values are averaged from lowest 3 values of several collected. Schmidt hammer 
values are averaged from the highest 10 values of 50+ values collected. Error bars on Schmidt hammer 
represent one standard deviation. Error bars on permeability data represent relative error. Measurements 
were taken on similarly weathered surfaces. Rite-In-The-Rain notebook (17 × 15 cm) for scale. The solid 
black line depicts the contact between the ABLM host rock (right) and the intrusion (left). 
5.3.3 Macro-scale (Site 2) 
The second site of permeability measurements centre around a 3 m-wide dike located 555 m from the 
largest young intrusion (Figs. 5.1c, e and 5.3). We chose this site to make measurements at 1-m intervals 
because of its continuous, accessible exposure of the same lithology for 10 m on either side of the dike. 
Permeability of the host rock vary by several orders of magnitude (10−16–10−12 m2) while the permeability of 
the dike span a smaller range (10−15–10−12 m2; Fig. 5.3). The highest host-rock permeability (1.98 × 10−12 m2) is 
found near (<3 m) the dike. The lowest host-rock permeability (6.67 × 10−16 m2) is found farthest from the 
dike (13 m). 
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Figure 5.3 Site 2 TinyPerm measurements along dike exposure outside the alteration halo of Pinnacle Ridge, 
Mt. Ruapehu on host rock (red) and dike (blue) lithologies at 1-m intervals from dike-host rock contact. 
Although the dike is 3 m-across, there are 5 m of dike data because the effect of the dip of the dike coupled 
with slope. TinyPerm values are averaged from lowest 3 values of several collected. Error bars represent 
relative error. Measurements were taken on similarly weathered surfaces. The solid black lines depict the 
contact between the dike and host rock. Jamie Farquharson (bottom-left) for scale. 
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Figure 5.4 Site 3 TinyPerm (circle) and Schmidt hammer sample (square) measurements along West Face 
of Pinnacle Ridge, Mt. Ruapehu in the brecciated lava margins (left, red) and unaltered intrusion (right, 
blue) at 1080, 237, 167, 130, 120, 56, 33, 20, 5, 20, and 58 m from host rock-intrusion contact (left to right, 
respectively). TinyPerm values are averaged from lowest 3 values of several collected. Schmidt hammer 
values are averaged from the highest 10 values of 50+ values collected. Error bars for Schmidt hammer 
rebound values provide one standard deviation. Error bars for permeability represent relative error. 
Measurements were taken on similarly weathered surfaces. Triangular polygon represents approximate 
location of the unaltered intrusion from the western perspective. 
5.3.4 Mega-scale (Site 3) 
At Site 3, we collected permeability data from the host rock (ABLM) and the largest intrusion (UI; Figs. 
5.1c, f, 5.4). We chose this site for the ability to measure permeability at sites of similar lithology 10s of 
metres apart at varying distances from the largest young intrusion. We collected permeability data in the 
host rock from 1080 m to 20 m from the host rock-intrusion contact. ABLM permeability (2.34 × 10−15–
2.99 × 10−13 m2) does not vary systematically with distance to the intrusion. As permeability increases or 
decreases from one location to the next, Schmidt hammer rebound values (23.7–39.6) inversely decrease or 
increase. Within the intrusion, we measured the permeability of the largest intrusion at 5, 20, and 50 m from 
the contact. In the intrusion, permeability is lower (9.03 × 10−17 m2) closer (5 m) to the intrusion-host rock 
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contact and higher toward the centre of the intrusion (3.77 × 10−15 m2 at 20 m) while Schmidt hammer 
rebound values decrease from 53.0 to 45.2 toward the centre of the intrusion (Fig. 5.3). 
5.3.5 Rock mass classification 
In engineering geology, it is common practice to assess rock mass characteristics by GSI and RMR 
classification. GSI and RMR data are collected by assessing rock mass characteristics (e.g. discontinuity 
length, discontinuity surface conditions; see Methods) and assigning values specific to these attributes 
using standardised tables (see Tables 5.S3 and 5.S4, respectively, for the GSI and RMR tables used in this 
study). These values are then summed to provide a final rock mass classification value representative of 
the rock (see Bieniawski, 1989; Hoek et al., 2013). Higher values are indicative of stronger rock masses, 
while lower values are indicative of weaker rock masses. 
We classify the rock mass according to GSI and RMR over varying geotechnical units from 42 
locations around Pinnacle Ridge. Table 5.1 summarises the rock mass classification data by geotechnical 



























            
UBLM 3 78 2 76 80 75 1 74 76 
ABLM 10 53 12 35 70 53 8 41 66 
UDCL 3 75 13 65 90 78 11 66 86 
ADCL 12 56 16 30 75 59 14 41 81 
UI 7 49 19 20 70 67 18 40 87 
AI 6 48 10 37 60 62 9 50 72 
HV 1 46   46 46 47   47 47 
 
Table 5.1 GSI and RMR values averaged by each geotechnical unit collected from locations on Pinnacle 
Ridge. n is sample count. The GSI and the RMR values were collected from 42 locations of altered and 
unaltered rock masses and are presented in Fig. 5.5. 
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Figure 5.5 GSI and RMR values with geotechnical unit classification collected from locations on Pinnacle 
Ridge. The GSI and RMR values were collected from 42 locations of altered and unaltered rock mass. The 
GSI of the unaltered brecciated lava margin is disproportionally higher than its corresponding RMR 
rating when compared to the other units because of its low discontinuity density in the unaltered 
brecciated lava margin, contributing to a high GSI, and low UCS, contributing to a low RMR. 
UDCL and UBLM have the highest GSI values (65–90 and 76–80, respectively), and the GSI values 
of their altered components (ADCL and ABLM) are lower (30–75 and 35–70, respectively). AI and HV have 
an intermediary GSI range (37–60 and 46, respectively), and UI has the lowest GSI with the greatest 
variation (20–70). The RMR values follow trends similar those of the GSI values between the altered and 
unaltered lithologies (Fig. 5.5). RMR values for UDCL and UBLM (66–86 and 74–76, respectively) are higher 
than those for ADCL, ABLM, and HV (41–81 and 41–66, and 47 respectively); however, the RMR values for 
UI (40–87) are generally higher than those for AI (50–72). 
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RMC 
ID 








       
39 Very Blocky Fair 45 49 ABLM 20 
32 Blocky/Very Blocky Good/Fair 60 60 ABLM 25 
38 Blocky Rough 65 60 ABLM 33 
10 Very Blocky 
Highly 
Weathered 
35 48 ABLM 
52 
31 Blocky Fair 55 48 ABLM 74 
1 Blocky Good 70 66 ABLM 120 
37 Very Blocky Good/Fair 50 46 ABLM 130 
3 Very Blocky Good/Fair 55 60 ABLM 132 
27 Very Blocky Poor 35 41 ABLM 167 
36 Blocky/Very Blocky Good/Fair 55 54 ABLM 237 
       
9 Blocky Poor 45 49 ADCL 8 
33 Blocky/Very Blocky Good 70 77 ADCL 25 
11 Blocky Good 65 74 ADCL 48 
19 Blocky/Seamy Poor 30 41 ADCL 66 
22 Blocky Rough 65 43 ADCL 70 
30 Blocky Good 75 81 ADCL 74 
2 Blocky Good 65 60 ADCL 110 
26 Blocky Fair 55 54 ADCL 170 
4 Blocky Good 65 69 ADCL 172 
23 Blocky Rough 65 65 ADCL 237 
20 Blocky/Very Blocky Poor 40 47 ADCL 250 
24 Blocky/Seamy Poor 30 44 ADCL 252 
       
5 Blocky Poor 45 61 AI 5 
17 Blocky/Seamy Fair 37 54 AI 49 
15 Blocky Fair 55 65 AI 202 
14 Blocky/Seamy Fair 37 71 AI 322 
13 
Very Blocky to 
Seamy 
Good 55 50 AI 
359 
12 Blocky/Very Blocky Good 60 72 AI 427 
      
 
40 Blocky/Very Blocky Fair/Poor 46 47 HV 50 
       








77 74 UBLM 
1080 
       
25 Blocky Rough 65 66 UDCL 254 
29 Massive Very Good 90 83 UDCL 755 
42 Very Blocky Good 70 86 UDCL 1080 
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6 Very Blocky Fair 45 80 UI 5 
7 Very Blocky Good 60 76 UI 20 
8 Blocky Good 45 77 UI 58 
18 Disintegrated Poor 20 40 UI 63 
16 Blocky/Seamy Fair 35 50 UI 212 
21 Blocky Good 70 58 UI 262 
34 Blocky Good 70 87 UI 555 
 
Table 5.2 GSI and RMR values for geotechnical unit at Pinnacle Ridge. Structure records field observations 
for the vertical axis from Table 5: Characterisation of blocky rock masses on the basis of interlocking joint 
conditions from Hoek et al. (2013). Surface quality records field observation for the horizontal axis from 
Table 5: Characterisation of blocky rock masses on the basis of interlocking joint conditions from Hoek et 
al. (2013). Because GSI assessment provides a range rather than a point value (Marinos and Hoek, 2000; 
Hoek et al., 2013), GSI values given provide the centre value for a ± 5 range. RMR Total records the sum of 
the complete RMR parameterisation by site with individual parameter values provided in Table 5.S2. GSI 
table from Hoek et al. (2013) provided in Table 5.S3. RMR table from Bieniawski (1989) provided in Table 
5.S4. Data collected for 42 sites on Pinnacle Ridge. 
We conducted a statistical analysis (two-tailed Student's t-test for independent populations) on 
each unaltered-altered geotechnical unit pair using the null hypotheses x̄UBLM = x̄ABLM, x̄UDCL = x̄ADCL, and 
x̄UI = x̄AI, in which x̄ is the mean GSI or RMR value for the geotechnical unit (Table 5.3). We find: 
1) Among the outcrops of brecciated lava margins recorded for GSI (n = 13), there was a statistically 
significant difference between the unaltered and altered brecciated lava margins, UBLM (x̄ = 77.67, 
SD = 2.08) and ABLM (x̄ = 52.5, SD = 11.61), ∣t(10)∣ > 4.587, t(10) < 0, CI0.95–33.77 to −16.56. Therefore, 
we reject the null hypothesis that there is no significant difference in GSI values between UBLM and 
ABLM in favour of the alternative hypothesis that x̄ABLMGSI < x̄UBLMGSI. 
2) Among of the brecciated lava margins recorded for RMR (n = 13), there was a statistically significant 
difference between the unaltered and altered brecciated lava margins, UBLM (x̄ = 74.67, SD = 1.15) 
and ABLM (x̄ = 53.20, SD = 8.00), ∣t(10)∣ > 4.587, t(10) < 0, CI0.95–27.29 to −15.64. Therefore, we reject the 
null hypothesis that there is no significant difference in RMR values between UBLM and ABLM in 
favour of the alternative hypothesis that x̄ABLMRMR < x̄UBLMRMR. 
3) At α = 0.05, we fail to reject the null hypotheses (x̅𝐴𝐷𝐶𝐿
𝐺𝑆𝐼 =  x̅𝑈𝐷𝐶𝐿
𝐺𝑆𝐼 , x̅𝐴𝐷𝐶𝐿
𝑅𝑀𝑅 =  x̅𝑈𝐷𝐶𝐿
𝑅𝑀𝑅 ) for the dense 
coherent lavas. 
4) At α = 0.05, we fail to reject the null hypotheses (x̅𝐴𝐼
𝐺𝑆𝐼 =  x̅𝑈𝐼
𝐺𝑆𝐼 , x̅𝐴𝐼
𝑅𝑀𝑅 =  x̅𝑈𝐼
𝑅𝑀𝑅) for the intrusions. 
  
CHAPTER 5: ROCK MASS PROPERTIES AND EDIFICE STRENGTH DATA FROM PINNACLE RIDGE  144 
GSI df SE x̅a - x̅u t-statistic tα/2, df CI.95  
Brecciated Lava Margins 10.49 3.86 -25.17 -6.516 2.228 -33.77 – -16.56 
Dense Coherent Lavas 3.56 8.87 -19.17 -2.160 3.182 -47.40 – 9.07 
Intrusions 9.41 8.11 -1.12 -0.138 2.262 -19.46 – 17.22 
       
RMR df SE x̅a - x̅u t-statistic tα/2, df CI.95  
Brecciated Lava Margins 10.08 2.62 -21.47 -8.208 2.228 -27.29 – -15.64 
Dense Coherent Lavas 4.00 7.47 -19.67 -2.634 2.776 -40.40 – 1.06 
Intrusions 9.17 7.57 -4.69 -0.620 2.262 -21.82 – 12.43 
 
Table 5.3 Statistical summary of unaltered-altered geotechnical unit pairs for two-tailed Student t-test. df is 
degrees of freedom. s is sample standard error. ̅ ̅ is the difference in sample means. CI.0.95 is the 95% 
confidence interval. 
We highlight that the Student's t-test rests upon a number of assumptions, including normal 
distribution of data, an adequately large sample size, and homogeneity of variance. We acknowledge that 
for some of the geotechnical units the sample size (upon which the other assumptions rely) is smaller than 
ideal. While the fact that these analyses yield results that are significant according to the imposed 
confidence interval suggests that the difference is real and not merely an artefact of our sampling, larger 
sample sizes would be desirable in future research. 
5.3.6 Scanline mapping 
We group scanline transects by their geotechnical units: 
1) ABLM (transects 1, 2, 3, 4); 
2) UBLM (transect 15, 16, 17); 
3) ADCL (transects 5, 6, 7, 8); 
4) UDCL (transect 13, 14); 
5)  AI (transects 9, 10, 11, 12); and 
6) UI (transects 18, 19, 20, 21, 22, 23). 
Scanline lengths vary from <2 m to >40 m depending on ground conditions and discontinuity 
density totalling over 190 m of scanline transect with 927 discontinuities characterise (Table 5.4). Joints 
constitute the majority (>99%) of the discontinuities at Pinnacle Ridge. Given the compounded complexity 
from local and regional stresses at Mt. Ruapehu, we focus on describing discontinuity densities and 
dimensions in this section of the text and Table 5.2 and reserve orientation details for the supplementary 
material (Figs. 5.S1–5.S5).































                      
4 ABLM 10.42 1.92 20 0.0960 1.04 0.78 0.00081 0.92 25 
2 ABLM 8.82 1.70 15 0.1133 1.35 0.24 0.00033 0.38 52 
3 ABLM 12.97 5.01 65 0.0771 0.82 0.27 0.00022 5.08 73 
1 ABLM 7.08 5.37 38 0.1413 1.25 1.82 0.00227 5.40 120 
5 ADCL 17.97 3.06 55 0.0556 1.11 1.29 0.00143 9.07 8 
7 ADCL 6.30 2.70 17 0.1588 1.30 0.56 0.00073 1.80 25 
8 ADCL 7.87 5.21 41 0.1271 1.77 1.12 0.00198 6.61 73 
6 ADCL 4.35 8.73 38 0.2297 4.34 1.67 0.00724 76.21 252 
9 AI 4.67 10.50 49 0.2143 1.55 0.74 0.00115 27.34 20 
11 AI 13.23 2.57 34 0.0756 1.66 0.77 0.00127 1.46 212 
10 AI 10.56 5.02 53 0.0947 1.18 1.21 0.00143 6.25 359 
12 AI 28.77 2.12 61 0.0348 0.90 1.32 0.00119 0.47 427 
15 UBLM 0.91 24.26 22 1.1027 3.98 4.59 0.01827 588.55 555 
16 UBLM 1.86 15.56 29 0.5366 2.48 2.97 0.00737 74.51 841 
17 UBLM 0.43 44.2 19 2.3263 1.00 8.48 0.00848 555.00 1080 
13 UDCL 5.59 8.77 49 0.1790 3.34 1.38 0.00459 16.04 254 
14 UDCL 6.23 8.83 55 0.1605 1.00 1.74 0.00174 18.83 1080 
21 UI 12.50 6.08 76 0.0800 1.07 1.51 0.00162 6.62 5 
19 UI 10.21 3.33 34 0.0979 0.88 0.69 0.00060 2.42 20 
22 UI 16.34 3.06 50 0.0612 0.32 6.70 0.00214 2.07 58 
18 UI 7.74 4.39 34 0.1291 0.65 0.62 0.00040 4.71 202 
20 UI 5.86 3.07 18 0.1706 1.22 0.47 0.00057 2.36 273 
23 UI 4.30 7.67 33 0.2324 1.08 2.17 0.00234 14.54 555 
 
Table 5.4 Scanline transect data for 23 scanline sets collected from 6 geotechnical units on Pinnacle Ridge. 
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5.3.6.1 Dense coherent lavas 
Dense coherent lava constitutes a major component (>45% volumetrically) of the geotechnical units at 
Pinnacle Ridge. Discontinuity densities of UDCL (5.59–6.23 discontinuities/m; Table 5.4) are similar to those 
of ADCL (2.70–10.50 discontinuities/m). The average discontinuity apertures of the UDCL (1.00–3.34 mm) 
are slightly lower than those of ADCL (1.11–4.34 mm). The average discontinuity lengths of UDCL (1.38–
1.74 m) are slightly more than those of the ADCL (0.56–1.67 m). The discontinuity surfaces of UDCL are 
predominantly very rough, while those of ADCL are rough to very rough. The discontinuities are free of 
soils; however, debris infill composed of erosional volcanic material (<2 cm in length) is present in some of 
the discontinuities of UDCL and is common in the ADCL. The predominant joint orientation (~090°–115°) 
and high dip angle (>75°) are consistent between UDCL and ADCL (Figs. 5.S1, 5.S2), although the UDCL 
contains less variation in orientation than ADCL. 
5.3.6.2 Brecciated lava margins 
Brecciated lava margins are the other major geotechnical unit (>45% volumetrically) found along Pinnacle 
Ridge. The discontinuity densities of UBLM (0.43–1.86 discontinuities/m; Table 5.4) are lower than those of 
ABLM (7.08–12.97 discontinuities/m). The average discontinuity lengths of UBLM (2.48–8.48 m) are greater 
than those of ABLM (0.24–1.82 m). Unlike with the other geotechnical units, the unaltered component of 
the brecciated lava margins appears to average wider discontinuity apertures (1.00–3.98 mm) than the 
corresponding altered rock mass (0.82–1.35 mm). The discontinuity surfaces of ABLM appear smoother 
than UBLM. That is, UBLM exhibits surface conditions varying from slightly rough to rough, while those 
of ABLM range from smooth to slightly rough. Although no soil development is observed, some joints are 
filled with eroded lava fragments (<2 cm length). Altered and unaltered breccias express the near-vertical 
jointing striking ~340°–345°, similar to UDCL and ADCL to north of the intrusion (Figs. 5.S1, 5.S2, 5.S3). 
5.3.6.3 Intrusions 
Intrusions host the smallest average discontinuity apertures of the geotechnical units studied. UI hosts 
discontinuity densities (4.30–16.34 discontinuities/m; Table 5.4), less than the densities of AI (4.67–
28.77 discontinuities/m). Average discontinuity length in UI (0.47–6.70 m) bounds that of AI (0.74–1.32 m). 
The average apertures of the discontinuities in UI averaged (0.32–1.22 mm) are lower than those of AI (0.90–
1.66 mm). Average aperture in the largest intrusion appears to correlate with distance to the centre of the 
intrusion. Scanlines 19 (inner), 18 (intermediate), and 16 (margin) show increasing average apertures 
(0.32 mm, 0.88 mm, and 1.07 mm, respectively; Table 5.4) toward the contact of the intrusion with the host 
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rock. The discontinuity orientations of UI vary to a greater extent than those of the lavas (Fig. 5.S4). The 
discontinuity conditions of UI and AI are similar, ranging from slightly rough to rough. Although no 
intrusion discontinuities host soil infilling, volcanic debris (<2 cm in length) is commonly found in the 
discontinuities of AI. 
5.4 Discussion 
5.4.1 TinyPerm vs Schmidt hammer 
Linking TinyPerm and Schmidt hammer rebound field analyses was not a primary objective in this study; 
however, the correlation between the two data sets is evident. In the absence of more TinyPerm sample 
points, the Schmidt hammer data reinforce the geospatial trends observed in Fig. 5.2, Fig. 5.4 as the 
TinyPerm and Schmidt hammer data display a general negative correlation (Fig. 5.6) where rock hardness 
increases with decreasing permeability. Fig. 5.6 depicts that Site 3 data have a moderate correlation 
(r2 = 0.75). The correlation holds when Site 1 and Site 3 are considered together (r2 = 0.68). The correlation is 
a product of the first-order control that porosity (pores and microcracks) exerts on both strength (e.g. 
Schaefer et al., 2015) and permeability (e.g. Farquharson et al., 2015). A decrease in rebound values with 
the increase in permeability also suggests that the higher permeability is in part a product of more intense 
microfracturing (e.g. Moomivand, 2011) as more, larger microfractures would increase the probability of 
interconnection between the fractures, which would in turn increase permeability (Wei et al., 1995). From 
this correlation, Schmidt hammer rebound values in the host rock and in the intrusion are easily 
distinguishable and appear to have the potential to provide estimates of permeability within two orders of 
magnitude (Fig. 5.6). We suggest future study could provide a detailed investigation regarding the full 
potential of using Schmidt hammer rebound analysis as an index of permeability in volcanic rock. 
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Figure 5.6 Comparison of TinyPerm and Schmidt hammer measurements display moderate negative 
relationship (see trendlines for visual guide). Host rock generally displays lower rebound values with 
higher permeability compared to the unaltered intrusions. Error bars represent one standard deviation for 
Schmidt hammer rebound values and relative error for the permeability data. 
5.4.2 Meso-scale (Site 1) 
Mordensky et al. (2018) observed a decrease in matrix permeability in ABLM toward the intrusion at 10+ m 
sampling intervals due to clay precipitation in the host-rock microstructure. This trend is not observed at 
the sub-metre scale (Fig. 5.2). Instead, we note that permeability of ABLM increases toward the intrusion 
at the sub-metre scale, consistent with other studies, which have shown that host-rock permeability tends 
to be highest along intrusion contacts (e.g. Le Ravelec and Gueguen, 1994; Chevallier et al., 2001; Matter et 
al., 2006). This phenomenon has been interpreted as being due to hydraulic fracturing induced by 
pressurisation from the emplacement of the intrusion (e.g. Chevallier et al., 2001; Matter et al., 2006; Healy 
et al., 2018). 
5.4.3 Macro-scale (Site 2) 
Unfortunately, difficult terrain did not allow permeability analysis away from Site 1 at a reasonable macro-
scale interval. Instead, Site 2 was investigated (Fig. 5.3), where a 3 m-wide andesitic dike crosscuts an UBLM 
deposit several hundreds of metres outside the alteration halo (Fig. 5.1c, e). Permeability of the host rock 
from the host rock-dike contact decreases over the first 3 m away from the contact (10−14 to 10−12 m2 and 10−16 
to 10−13 m2; Fig. 5.3). The higher permeability can be attributed hydraulic microcracking induced by higher 
pore pressure from the emplacement of the dike (e.g. Chevallier et al., 2001; Matter et al., 2006). The dike 
itself does not display consistent permeability (10−15–10−12 m2) across its width. This range in permeability 
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also suggests heterogeneous microstructure inherent to volcanic material as detailed by existing studies 
(e.g. Fortin et al., 2011; Heap et al., 2014; Farquharson et al., 2016; Colombier et al., 2017). 
5.4.4 Mega-scale (Site 3) 
It appears that the diverse and localised microstructure of volcanic material in the alteration halo dominates 
the mega scale (>100+ m). We found permeability in ABLM does not show a clear trend with distance to 
the centre of the largest intrusion (Figs. 5.1f, 5.4, 5.7), suggesting that the influence of the intrusion is less 
than that of the heterogeneity that typifies volcanic material. We observe clay-infilling of macro-fractures 
in localised areas (e.g. 20 and 130 m from the host rock-intrusion contact) of ABLM (Fig. 5.8a, b), where 
TinyPerm measurements show lower permeability (Figs. 5.4, 5.7); however, neither the distribution of 
macro-scale infilling nor the lower TinyPerm values appear to show a geospatial trend with other 
properties of the fossil hydrothermal system (Fig. 5.1). This is in contrast with the conclusions of Mordensky 
et al. (2018), who found the lab-based matrix permeability of ABLM decreases as the intrusion was 
approached due to precipitation of clay minerals from advanced argillic alteration in the pore spaces (Fig. 
5.1). 
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Figure 5.7 Field-based data in brecciated lava margin sorted by distance to the youngest large intrusion. 
The data presented are from UBLM (blue column) and ABLM (orange column). The sample location for 
UBLM is outside of the reference frame 1080 m from the host rock-intrusion contact. Field-based 
permeametry (yellow, top), Schmidt hammer rebound value (green, middle), RMR (blue, bottom left), and 
GSI (maroon, bottom right) do not correlate with distance to the intrusion. Distance is given in metres from 
intrusion-host rock contact. Error bars for Schmidt hammer rebound values provide one standard 
deviation. Error bars for permeability represent relative error. 
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Figure 5.8 Infilled jointing found in ABLM, 20 m from the host-rock intrusion contact (a, b) and along 
intrusion margin found at Site 3 (c, d). Infilling appears reddish-brown (a, c) and similar in colour to 
advanced argillic alteration found in adjacent host rock (Mordensky et al., 2018). Not all the fractures are 
infilled, suggesting two generations of fracture formation. Fractures with infilling are outlined (b, d). The 
presence of immediately local, clay-infilled macro-discontinuities corresponds with lower TinyPerm values 
than other areas of the same geotechnical unit (i.e. ABLM and UI). Brunton compass for scale. 
While permeability in ABLM does not display consistent change with distance to the intrusion-host rock 
contact, the permeability of the intrusion increases toward its interior (Fig. 5.4). Coincident with this 
decrease of permeability in the intrusion, we again observe clay-infilled macrofractures (Fig. 5.8c, d) similar 
to those observed in ABLM (Fig. 5.8a, b) that were also associated with lower TinyPerm values. We suggest 
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that infilling of macro and microfractures by clay decreases the permeability at the intrusion margins and 
in certain ABLM localities (e.g. Mordensky et al., 2018). This interpretation is consistent with numerical 
modelling from Scott and Driesner (2018), who found mineral precipitation along intrusion margins 
decreased local permeability over time, while the interior of the intrusion maintained permeability. This 
means that the influence of the cooling on the intrusion is scale-dependent (e.g. meso- vs mega-) as it does 
not appear that there is a strong relationship between distance to the contact and permeability in the 
intrusion at the meso-scale (1-m; Fig. 5.2). We interpret this to mean that infilling has affected permeability 
in the intrusion at least as far as 1 m from the intrusion/host-rock contact and our meso-scale analyses were 
completely within the clay-infilled, lower permeability margin of the intrusion. Moreover, the TinyPerm 
data in the intrusion suggest that permeability, and thus microfracturing and mineral precipitation, are not 
ubiquitous across a young intrusion. Instead, matrix permeability appears to change from the exterior 
toward the interior of the intrusion (Fig. 5.4). 
5.4.5 Permeability: field vs laboratory data 
In general, the field permeametry from the TinyPerm produced higher values than the lab-based 
permeametry. These results differ with those of Farquharson et al. (2015), who found laboratory-derived 
permeability values of sandstones and limestones to be within error of TinyPerm analyses using large, 
homogenous blocks. However, Heap et al. (2017) reported the TinyPerm produced values different than 
those from laboratory analysis using hand samples from Whakaari/White Island (New Zealand). Heap et 
al. (2017) interpreted the deviation as a result of sample size and internal sample structure. Given that we 
measured permeability of in situ material, we suggest the discrepancy we observe between the two 
methods is a result of differing internal pore structure. More specifically, the rocks measured in the field 
are sometimes heavily microfractured and those typically selected for laboratory studies are required to be 
of a certain coherence in order to prepare intact cylindrical cores. Similarly, the permeability value 
provided by the TinyPerm field permeameter will be influenced by meso-scale fractures (cm to several 10s 
of cm) that are not considered in laboratory measurements on 20 mm-diameter core samples (as in 
Mordensky et al., 2018). Therefore, we conclude that the differing permeability values between TinyPerm 
analyses and laboratory analyses reflect the importance of scale when measuring rock properties. In the 
case of permeability, our data suggest that the two methods observe the effects of differently scaled 
discontinuities (e.g. Fig. 5.4 vs Mordensky et al., 2018). 
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5.4.6 Volcanic discontinuities and rock strength 
Our discontinuity observations (e.g. Fig. 5.5; Tables 5.1, 5.2, 5.4) appear consistent with existing research of 
unaltered volcanic materials (Watters and Delhaut, 1995; Watters et al., 2000; Concha-Dimas, 2004; Apuani 
et al., 2005; Moon et al., 2005; del Potro and Hürlimann, 2008). Although it is important to consider the 
potential impact of freeze-thaw processes in this alpine environment, our discontinuity density and 
aperture data were consistent with that of other intrusion-hosting volcanic settings, being numerous and 
<1 mm-wide (e.g. Senger et al., 2015; Garden et al., 2017) and a many discontinuities lacked infill (Table 
5.4), suggesting impact of freeze-thaw processes was minimal. Senger et al. (2015) found intrusive rock 
masses host higher discontinuity densities (5–20 discontinuities/m) than the host rock masses (3–
12 discontinuities/m) in and around the Svalbard intrusion, Norway. At Pinnacle Ridge, UI also generally 
has higher discontinuity densities (4.30–16.34 discontinuities/m) than the host rock (0.43–
13.23 discontinuities/m excluding two outliers at 17.97 [Scanline 5] and 28.77 [Scanline 
12] discontinuities/m). Also like Senger et al. (2015), we found no robust relationship with distance from 
the intrusion affecting discontinuity qualities in any geotechnical unit. Instead, it appears that the 
heterogeneity of volcanic material masks whatever potential influence the intrusion may have on the 
discontinuity characteristics of the host rock within the alteration halo. 
Jointing is pervasive across all the identified geotechnical units, but the altered geotechnical units 
appear to have higher discontinuity densities than their unaltered equivalents (Fig. 5.5, Tables 5.1, 5.2, 5.4). 
This is consistent with other studies (e.g. Watters and Delhaut, 1995; Watters et al., 2000; Thomas et al., 
2004b). Thomas et al. (2004b) suggested that rock mass strength (a combination of intact laboratory strength 
and rock mass quality) decreases as the intensity of alteration increases. Given an exponential relationship 
between RMR and rock mass strength identified by Thomas et al. (2004b), seemingly minor decreases in 
rock mass classification between unaltered and altered rock can reduce rock mass strength by up to 96% to 
<1 MPa. Using a two-tailed Student's t-test, we find that ABLM has GSI and RMR values that are 
significantly less than of the respective, unaltered counterpart (i.e. UBLM) at α = 0.05 (Table 5.3). Therefore, 
although Mordensky et al. (2018) identified UBLM as the weakest geotechnical unit when measuring the 
UCS of intact rock, our rock mass data suggest that ABLM rock masses could be weaker than UBLM rock 
masses. We explore this consideration using the Generalised Hoek-Brown Criterion, initially proposed in 
Hoek (1983) and provided in Eq. (7) (Eberhardt, 2012): 
 
𝜎1
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In which σ1′ is the major principal stress, σ3′ is the minor principal stress, Co is the UCS for intact rock, and 
s, a, and mb are material constants calculated using Eqs. (8), (9), (10) respectively: 
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In which mi is a material constant from the Hoek-Brown criterion from triaxial testing for intact rock (Eq. 
(11)) as described in Hoek (1968) and (Eberhardt, 2012): 
 
𝜎1





+ 1)0.5 (11) 
For which UCS values come from Mordensky et al. (2018). Given the absence of triaxial strength data for 
the advanced argillic altered andesites like those found at Pinnacle Ridge, we must assume an mi from pre-
existing literature. Hoek and Brown (1997) provide a range of mi values for breccia (19 ± 5). 
Determining the relative rock mass strengths of the brecciated lava margins is not straightforward. 
Mordensky et al. (2018) reports the UCS of intact UBLM (3–7 MPa) to be less than that of ABLM (1–61 MPa), 
while this study finds UBLM to have higher GSI values than ABLM (Fig. 5.5; Tables 5.1, 5.2, 5.3). Further 
compounding the complexity, Mordensky et al. (2018) found that the UCS of intact ABLM increases with 
proximity to the intrusion. In order to observe the relative rock mass strength relations between the 
unaltered altered brecciated lava margins, we consider and compare the rock mass strength of three 
brecciated lava margin rock masses: 1) UBLM (RMC ID 28, Mordensky et al. (2018) Sample ID 025); 2) 
ABLM near the intrusion (RMC ID 36, Mordensky et al. (2018) Sample 006); and ABLM near the unaltered-
altered halo boundary (RMC ID 27, Mordensky et al. (2018) Sample ID 018). 
In Fig. 5.9, we use Eq. (7) to plot the Generalised Hoek-Brown failure envelopes using for these 
rock masses in terms of minor and major principal stress. Without triaxial testing, a value for the material 
constant mi must be assumed. The material constant mi can vary and is generally greater with stronger rock 
and lower for weaker rock (Hoek, 1968). Therefore, we use the recommended value for breccias (19 ± 5) 
from pre-existing sample tests (see Hoek and Brown, 1997). To observe the full range of potential affects, 
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we vary mi in three different scenarios: 1) UBLM mi = ABLM mi at its a mid-range value (19; Fig. 5.9a); 2) 
UBLM mi is set to its maximum recommended value (24) while ABLM mi is set to its minimum (14; Fig. 
5.9b); and 3) UBLM mi is set to its minimum given value (14) while ABLM mi is set to its maximum (24; Fig. 
5.9c). 
 
Figure 5.9 Diagram representing effective stress state at failure of brecciated lava margins (i.e. UBLM 
[1080 m], ABLM [167 m], ABLM [20 m] using UCS and GSI values specific to each location). At stresses 
outside (above) the failure envelope, the rock masses will have undergone mechanical (inelastic) failure. 
Stresses below the failure envelope indicate conditions for which deformation is elastic and recoverable. 
(a) mi assumed to 19 for UBLM and ABLM as recommended in Hoek and Brown (1997). (b) mi assumed to 
24 for UBLM and 14 for ABLM. (c) mi assumed to 14 for UBLM and 24 for ABLM. For UCS values see 
Mordensky et al. (2018). 
Fig. 5.9 demonstrates that ABLM has the potential to be weaker than UBLM and, therefore, the 
weakest rock masses found on the volcanic edifice. However, we emphasise that rock mass properties are 
highly variable inside the alteration halo due to the heterogeneous nature of the discontinuities (e.g. 
variable discontinuity densities [Figs. 5.5, 5.4] and fracture-infilling [Figs. 5.7, 5.8]). Therefore, we also 
highlight that, although the UCS of ABLM generally increases toward the intrusion due to the precipitation 
of alteration minerals (Mordensky et al., 2018) and presents the possibility for ABLM rock mass near the 
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intrusion to be a stronger than UBLM, the influence of the higher UCS is easily exceeded by the highly 
variable discontinuity characteristics. 
When considering UBLM mi = ABLM mi (19; Fig. 5.9a), the relative rock mass strength of the two 
ABLM sites bands that of ABLM. That is, the ABLM near (20 m) the intrusion has higher rock mass strength 
than UBLM farther afield (1080 m from the intrusion; Fig. 5.9a), while, the lower UCS of ABLM farther from 
the intrusion (167 m) contributes to lower rock mass strength than that of UBLM. These relative 
relationships are similar when UBLM mi (14) < ABLM mi (24; Fig. 5.9b). In both these scenarios, the weakest 
rock mass is not found where intact rock strength (UCS) is lowest, but where the combination of intact rock 
strength (e.g. UCS) and field parameters (e.g. GSI) contribute to the weakest rock mass by means of Eq. (7). 
Although the intrusion does not appreciably change the rock mass strength of the brecciated lava margin 
when UBLM mi is greatest (24) and ABLM mi is lowest (14; Fig. 5.9c), these simple models demonstrate that 
a small intrusive body has the potential to further reduce the rock mass strength of the already weakest 
geotechnical units in the host rock (e.g. Fig. 5.9a, b; Tables 5.1, 5.2, 5.3; Mordensky et al., 2018). 
These results can be extrapolated beyond surface expression to models from geophysical studies 
(e.g. Planke et al., 2015), in which intrusive bodies are indirectly observed within an edifice but cannot be 
sampled or measured directly. In doing so, the weakening effect of the magmatic intrusions can be 
anticipated and properly mitigated. We note that variation of GSI has substantially greater impact on rock 
mass strength than similar relative variation of mi (see Villeneuve et al., 2018). We, therefore, stress that 
individual rock masses should be assessed for their unique qualities when hazard mapping or modelling 
because the heterogeneous characteristics of the altered rock surrounding intrusions present the potential 
to change permeability and, thereby outgassing, while simultaneously reducing the strength of the volcanic 
edifice, rendering it unable to accommodate additional stress elastically. 
5.4.7 Potential implications of discontinuities on rock mass permeability 
Outgassing of a volcanic system is dependent on the permeability of the edifice. In volcanic rocks, matrix 
permeability can range from very tight (e.g. <10−21 m2; Sruoga et al., 2004; Mordensky et al., 2018) to highly 
permeable (>10−11 m2;Heap and Kennedy, 2016); however, discontinuities provide permeability through this 
otherwise low-permeability rock (e.g. Sagar and Runchal, 1982; Evans et al., 1997; Cartwright et al., 2007; 
Senger et al., 2012; Senger et al., 2015). Given the dichotomy between matrix permeability and discontinuity 
permeability, modelling endeavours take a dual approach to properties that independently consider the 
two scales (Jafari and Babadagli, 2011). Although simple models exist to quantify the effects of 
discontinuities and matrix properties on general rock mass permeability (e.g. Snow, 1968, Snow, 1969; 
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Louis, 1974) and, more specifically, volcanic rock mass permeability (e.g. Heap and Kennedy, 2016; Lamur 
et al., 2017), doing so precisely and accurately is exceedingly complex and time-intensive. Therefore, 
quantifying the permeability of volcanic systems remains a largely unapproached endeavour. We do not 
attempt precise and accurate rock mass permeability modelling, we make some general deductions 
regarding fluid flow involving a hydrothermal system in a shallow-intrusion environment. 
Prior research has found that an open, through-cutting fracture can increase permeability by orders 
of magnitude (e.g. Lomize, 1961; Snow, 1965; Louis, 1969, Louis, 1974; Krantz et al., 1979; Heap and 
Kennedy, 2016; Lamur et al., 2017), and brecciated lava margins within the alteration halo host higher 
discontinuity densities than those outside of the alteration zone (e.g. 0.91 discontinuities/m [transect 15] vs. 
12.97 discontinuities/m [transect 3]; Fig. 5.5; Tables 5.1, 5.3, 5.4). These discontinuities would contribute to 
the rock mass permeability. Simultaneously, the matrix permeability of ABLM (i.e. the altered geotechnical 
units with the highest matrix permeability) decreases as the intrusion is approached (Mordensky et al., 
2018), placing a greater emphasis on permeability through discontinuities in the alteration halo. Hence, 
fluid flow within the alteration halo and nearer to the intrusion is more discontinuity-controlled than 
farther from the intrusion and/or outside the alteration halo. Given the magnitude(s) by which through-
cutting fractures affect permeability (e.g. Heap and Kennedy, 2016; Lamur et al., 2017), we conclude that 
host-rock permeability within the alteration halo is greater than that of the unaltered host rock at near-
surface conditions. However, as depth and, thereby, effective pressures increase, our interpretation of the 
effects from the discontinuities on permeability changes because macrofractures and micro fractures close 
with applied effective pressure (e.g. Gudmundsson, 2011; Nara et al., 2011). Rock masses with low matrix 
permeability (e.g. <10−18 m2; e.g. intrusions; Mordensky et al., 2018) are more likely to serve as barriers to 
subsurface flow at depth because their permeability depends on flow through discontinuities (see Senger 
et al., 2017). 
We suggest that the effect of the intrusion on rock mass permeability is depth dependent. At 
shallow depths, the intrusion may result in higher permeability in the host rock as a product of hydraulic 
fracturing. We observe these effects from in situ permeametry (Figs. 5.2, 5.3) and discontinuity assessment 
(Fig. 5.5; Tables 5.1, 5.2, 5.3). At greater depths, where discontinuities are closed to fluid flow, the intrusion 
and its alteration of the originally vesicle-dominated permeability host rock reduce permeability of the 
system. This would be consistent with the model of (Farquharson et al., 2017) from which it was observed 
that shallow discontinuities contribute more greatly to Darcian flow outgassing than deeper 
discontinuities. 
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5.4.8 Effect of shallow intrusion on edifice stability 
As discussed above, we associate the increase in shallow permeability to the macrofractures induced 
during the intrusion of the magma body (Figs. 5.2, 5.3). We also propose that the effect of shallow magmatic 
intrusions on rock mass permeability is depth-dependent. That is, we suggest intrusions at depth (>2–3 km) 
may reduce the permeability of volcanic edifices and, thereby, reduce the outgassing processes of the 
system into which they intrude (see Senger et al., 2017). The influence of the resulting pore pressure 
augmentation (e.g. Christenson et al., 2010; Heap and Wadsworth, 2016) would compromise the already 
weakened rock masses within the altered zone around the intrusion (e.g. GSI, RMR [Figs. 5.5, 5.9a, b; Tables 
5.1, 5.2, 5.3], UCS [Mordensky et al., 2018]). The results of these processes (i.e. weakening and/or 
permeability reduction of altered rock masses) are evidenced by the common presence of altered debris in 
mass wasting event deposits (e.g. Mt. Ruapehu, New Zealand [Hackett and Houghton, 1989], Mt. Shasta, 
USA [Crandell, 1989], Citlaltépetl, Mexico [Carrasco-Núñez and Gomez-Tuena, 1993] Mt. Rainer, USA 
[Reid et al., 2001]). 
5.5 Conclusions 
The flanks of many volcanic edifices are composed of a range of spatially variable geotechnical units similar 
to those described in this study. Intrusions disrupt the layered stratigraphy of the classic stratovolcano, 
causing local variation in mechanical properties. In this study, data are presented for in situ permeametry, 
rock mass properties, and discontinuity characteristics from rock masses surrounding a small, shallow 
magmatic intrusion exposed by glaciation at Pinnacle Ridge (New Zealand). Then, the influence of these 
properties on rock mass strength and permeability are discussed. The data presented within this study may 
support future models for the reduction in edifice strength (e.g. Donnadieu et al., 2001) and change in 
outgassing (e.g. Collinson and Neuberg, 2012) related to intrusions in volcanic environments. These field 
observations also serve as a companion study to upscale the laboratory-scale data of the same geotechnical 
units from Mordensky et al. (2018) and complete the geotechnical unit characterisation of these rock masses. 
In doing so, we find: 
• Altered brecciated lava margins have discontinuity characteristics (e.g. density, aperture) that, 
when considered together, contribute to a lower rock mass strength than that of their unaltered 
geotechnical unit equivalent (i.e. unaltered brecciated lava margins). Therefore, altered brecciated 
lava margins can be the weakest rock mass in a volcanic edifice. 
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• The decrease in strength in the brecciated lava margins around a stocky (130 × 64 m) intrusion is 
observable up to a distance from the intrusion that is roughly twice the average dimensions of the 
width of the intrusion. 
• At the surface, permeability in the host rock increases proximally to the host rock adjacent to an 
intrusion, as seen in TinyPerm measurements at sub-metre and several-metre spacing. These 
margins can be >1 m across. 
• TinyPerm measurements are inversely correlated to Schmidt hammer rebound values. While a 
Schmidt hammer analysis cannot be used to provide absolute permeability values, they can 
provide a cost-efficient, time-saving means to measure relative permeability between sites of 
similar lithology. The strong correlation between these two analysis techniques presents the 
potential for rapid field assessment by Schmidt hammer analysis that can be used to estimate 
permeability within two orders of magnitude. This strong correlation is a result of porosity serving 
as a first-order control for both the TinyPerm and Schmidt hammer analyses. 
Finally, we conclude intrusions drive hazards associated with mechanical stability of the volcano. 
Because the effects of the intrusion on these processes will change with scale and effective pressure (depth), 
it is crucial to use appropriately heterogeneous rock properties with appropriate scale and depth 
relationships when modelling the processes responsible for these hazards. 
5.6 Acknowledgements 
This work has also benefitted from discussion with Jim Cole. We would like to thank Graham Leonard, 
Dougal Townsend, James White, Colin Wilson, Rosie Cole, Leo Purê, and Chris Conway for their guidance, 
discussion, and comradery in the field. The authors also thank the contribution of two anonymous journal 
reviewers. The authors of this study acknowledge the support of the UC Doctoral Scholarship and the UC 
Mason Trust Fund. M.J. Heap acknowledges a Visiting Erskine Fellowship from the University of 
Canterbury (New Zealand). The authors of this study acknowledge a Dumont d'Urville Hubert Curien 
Partnership (PHC) grant (number 31950RK) funded and implemented by the New Zealand Ministry of 
Business, Innovation and Employment (MBIE), the Royal Society of New Zealand, and the Ministry of 
Foreign Affairs (MAEDI) and the Ministry of Higher Education and Research (MENESR) in France. We 
also acknowledge Catalyst Fund project “Energy straight from magma”, funded and implemented by the 
Royal Society of New Zealand and the New Zealand Ministry of Business, Innovation and Employment 
(MBIE). 
 
CHAPTER 5: ROCK MASS PROPERTIES AND EDIFICE STRENGTH DATA FROM PINNACLE RIDGE  160 
5.7 Supplemental figures 
Figure 5.S1 – 5.S5: Numbers in upper left of stereonet provide scanline identification. Discontinuity 
orientations are displayed as poles to the planes of the recorded discontinuities and plotted on a lower 
hemisphere stereonet. Triangular polygon represents approximate location of the altered intrusion from 
the western perspective. Cooler colours (blue) in stereonet contours represent a lower pole density for 
discontinuities while warmer colours (red) represent a pole density for discontinuities. Data summarized 
in Table 5.4. Figure modified from (Mordensky et al., 2018). 
 
Figure 5.S1 Discontinuity orientations in altered dense coherent lavas 
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Figure 5.S2 Discontinuity orientation in the scanline transect 15 (UBLM, top left), 6 (UDCL, top middle), 13 
(ADCL, top right), 17 (UBLM, bottom left), 14 (UDCL, bottom middle), and 16 (UBLM, bottom right). 
Additional scanline data for ADCL can be found in Fig. 5.S1. Scanline 13 (ADCL) is displayed alongside 
Scanline 6 (UDCL) because of the proximity of these two scanlines. 
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Figure 5.S3 Discontinuity orientation in the altered brecciated lava margins 
 
Figure 5.S4 Discontinuity orientation in the unaltered intrusions 
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Figure 5.S5 Discontinuity orientation in the altered intrusions 
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Chapter 6 Preamble 
In Chapter 5, I find that altered rock masses generally host higher discontinuity densities, wider 
discontinuity apertures, and longer discontinuity lengths than unaltered volcanics. These qualities thereby 
lower the rock mass strength of the altered volcanics; however, several assumptions on modelling 
parameters were made (e.g. mi) to complete this assessment. In Chapter 6, I complete the assessment of the 
geotechnical units at Pinnacle Ridge (Fig. 1) that I present in Chapter 3 by conducting triaxial deformation 
testing. In doing so, I establish Hoek-Brown failure criteria parameters for the geotechnical units. I am then 
able to numerically model the influence varying pore pressure has on the stability of the rock masses of the 
fossil hydrothermal system. 
Chapter 6 has been written for submission to and publication in Engineering Geology. 
 
Figure 1. Primary site locations specific to the research presented in this study. (a) Sites of the two 
hydrothermal systems in New Zealand. (b) Sites specific to Chapters 3 – 6 at Pinnacle Ridge. Solid black 
polygon marks boundary of the largest young intrusion. Scale is approximate. 
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Chapter 6 
Mechanical rock mass behaviour 
surrounding a shallow intrusion in 
andesitic lavas at Pinnacle Ridge, Mt. 
Ruapehu (New Zealand): pore-pressure 
induced edifice destabilisation 
S.  P. Mordensky1, M. C. Villeneuve1, B. M. Kennedy1, 
J. Struthers1, D. M. Gravley1 
1Department of Geological Sciences, University of Canterbury, Private Bag 4800, Christchurch 
8140, New Zealand 
Abstract 
Volcanic edifices are commonly composed of an assortment of varied mechanical materials. However, the 
range of mechanical behaviour associated with an intrusion within a volcanic edifice represents a key 
unknown critical to volcanic stability assessments. In this study, we explore the triaxial and tensile strength 
of the seven geotechnical units associated with a small shallow intrusion at Pinnacle Ridge, Mt. Ruapehu, 
New Zealand. We provide a complete characterisation of the rock masses and model the stability under 
varying pore pressures. We present laboratory data from tensile and triaxial compression tests to 
characterise failure conditions. We find that advanced argillic hydrothermal alteration can change the 
transition pressure for deformation behaviour (i.e. brittle and ductile) of some geotechnical units (i.e. 
brecciated lava margins) at low effective confining stresses (< 5 MPa). We combine this data with field rock 
mass characterisation in a stability model. Although the triaxial compression testing reveals nothing 
anomalous regarding hydrothermal vein material, finite element modelling shows that when the rock mass 
properties of the hydrothermal vein material are considered in conjunction with the laboratory-based 
deformation behaviour, a relatively minor increase in pore pressure (e.g. < 5 MPa above hydrostatic 
conditions) in a shallow hydrothermal system similar to the one found at Pinnacle Ridge is sufficient to 
induce failure in the hydrothermal vein material. Under these conditions, the other geotechnical units 
remain intact. Therefore, when oriented unfavourably, this small volume hydrothermal vein can fail and 
CHAPTER 6: MECHANICAL ROCK MASS BEHAVIOUR SURROUNDING A SHALLOW INTRUSION  173 
form a failure plane, destabilising a large portion of the system, representing a landslide hazard. The 
current exposure of the vein at Pinnacle ridge is significantly far from the active hydrothermal system to 
be frequently exposed to elevated pore pressures. However, we propose similar veins may be present in 
proximity to active parts of Mt. Ruapehu’s hydrothermal system and are an important consideration for 
future stability models.  
6.1 Introduction 
Slope instability is implicit to volcanic edifices given the inherent nature for constant change of these 
systems (e.g. pressurisation (e.g. Newhall et al., 2001), eruption (e.g. Kilgour et al., 2010), and seismic 
activity (e.g. Sherburn et al., 1999). Consequently, rockfall, landslide, and sector collapse events and 
deposits have been observed worldwide (e.g. Pacaya, Guatemala (Vallance et al., 2005), Mt. Ruapehu, New 
Zealand (Houghton et al., 1987), Stromboli Volcano, Italy (Tibaldi, 2001), Mt. Shasta, USA (Crandell, 1989), 
Citlaltépetl, Mexico (Carrasco-Núñez & Gomez-Tuena, 1993) Mt. Rainer, USA (Reid et al., 2001) and Mt. St. 
Helens (Voight et al., 1983)). Given the prevalence for these events, it is important to comprehend the 
characteristics controlling the probability and nature of slope failure on volcanic edifices.  
Volcanic complexes are varied structures that can host a broad range of physical and mechanical 
characteristics (e.g. Apuani et al., 2005a; Moon et al., 2005; del Potro & Hürlimann, 2008; Schaefer et al., 
2015; Cook et al., 2018; Schaefer et al., 2018). Material is often classified and mapped by the character of its 
physical and mechanical properties into specific geotechnical units for geotechnical consideration (e.g. 
Apuani et al., 2005a; del Potro & Hürlimann, 2008; Mordensky et al., 2018b). Small shallow intrusions are 
a common aspect and cause of mechanical variability in any volcanic domain (e.g. Sigurdsson et al., 2000; 
and references therein). Intrusions create mineralogical (e.g. Pola et al., 2012), physical (e.g. Wyering et al., 
2015), and mechanical (e.g. Siratovich et al., 2016) changes through alteration. At the same time, the thermal 
and dynamic stresses induced by an intrusion can cause fractures that influence rock-mass and intact-rock 
properties (e.g. Mordensky et al., 2018a), and magmatic intrusion can modify the pore pressure of the 
hydrothermal system and host rock (Day, 1996). 
Compressive deformation testing (e.g. uniaxial, triaxial) provides a means to observe mechanical 
behaviour under varied stress conditions (e.g. Hoek & Brown, 1980). Triaxial studies of the mechanical 
properties of volcanic materials have been completed across a range of compositions (e.g. Shimada, 1986; 
Kennedy et al., 2009; Smith et al., 2011; Loaiza et al., 2012; Violay et al., 2012; Adelinet et al., 2013; Heap et 
al., 2015a; Violay et al., 2015; Heap & Wadsworth, 2016); however, studies on the mechanical rock 
properties of altered volcanic material (e.g. Heap et al., 2015b; Siratovich et al., 2016) are rarer and there has 
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never been a comprehensive study detailing the triaxial mechanical properties of the differing altered 
volcanic geotechnical units related to the emplacement of a small shallow intrusion into a volcanic edifice 
nor the application of these data to volcanic stability modelling.  
Slope stability modelling of a volcanic edifice requires understanding the geomechanical 
properties of the rocks composing an edifice (Schaefer et al., 2015; Cook et al., 2018; Schaefer et al., 2018) 
and distinguishing rock masses into geotechnical units by those geomechanical properties (Apuani et al., 
2005a; Moon et al., 2005; del Potro & Hürlimann, 2008; Mordensky et al., 2018a; Mordensky et al., 2018b). 
When assessing volcanic edifice stability, it is important to understand the role of pore pressure. Prior 
research has found elevated pore pressure to be a major cause of volcanic instability (e.g. Elsworth, 1995; 
Day, 1996; Apuani et al., 2005b). Permeability reduction serves a means to inhibit subsurface fluid transport 
and, thereby, augment pore pressure. Mordensky et al. (2018b) found that alteration reduced permeability 
in altered brecciated lava margins and that hydrothermal veining had a lower permeability than the rock 
it replaced. Hence, by combining laboratory-based rock properties, rock mass assessments and stability 
modelling we assess whether pore pressures associated with hydrothermal alteration presents a viable 
means to lower the permeability, increase the pore pressure, and decrease the stability of a volcanic edifice.  
Specifically, this paper describes the effect of varying effective confining stress on the strength and 
deformation of unaltered and hydrothermally altered volcanic material related to the emplacement of a 
small shallow intrusion exposed on the western flanks of Pinnacle Ridge, Mt. Ruapehu (New Zealand). 
Triaxial and tensile datasets are combined with uniaxial compression strength (UCS) data from Mordensky 
et al. (2018b) and Geological Strength Index observations (GSI) from Mordensky et al. (2018a). By doing so, 
we present the first comprehensive suite of geotechnical parameters to describe the geotechnical units 
surrounding and related to the emplacement of a small shallow intrusion and its subsequent alteration in 
a volcanic environment. We then use finite element modelling with the Generalised Hoek-Brown failure 
criterion to model and discuss the stability of Pinnacle Ridge with its current topography. We also consider 
a similar volume intrusion at depth (~500 m) considering the implications of varying pore pressure for the 
present day active Ruapehu system. We emphasise that these models serve primarily as a proof of concept 
to demonstrate the susceptibility of the weakest geotechnical unit (i.e. hydrothermal vein material) to pore 
pressure variation and that the pore pressure distribution used in the modelling (i.e. decreasing toward the 
surface) may not accurately represent the pore pressure distribution in a shallow volcanic environment. 
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6.1.1 Pinnacle Ridge, Mt. Ruapehu, New Zealand 
Mt. Ruapehu is an active andesitic stratovolcano on the North Island of New Zealand. Located at the 
southern end of the Taupō Volcanic Zone (TVZ), Mt. Ruapehu is the southernmost volcanic center on the 
1375-km Tonga-Kermadec volcanic arc, which is a product of oblique subduction of the Pacific plate 
beneath the Indian-Australian plate (Cole, 1990). Pinnacle Ridge is found on the northwestern flank of Mt. 
Ruapehu and defines the western boundary of the popularly visited Whakapapa Ski Field. Constituting 
part of the Te Herenga Formation, the oldest (250 ka) geological unit exposed on Mt. Ruapehu, Pinnacle 
Ridge has also been subject to several intrusive events and associated hydrothermal systems, which altered 
the volcanic host rock, before being glacially dissected ~10 ka, exposing the once internal structure of a 
shallow subsurface igneous intrusive system. The intrusion is surrounded by a ~400 m-diameter alteration 
halo containing sulphides, suggesting shallow alteration depths (< 500 m; Houghton et al., 1987), and light 
to heavy, advanced argillic alteration consistent with epithermal conditions (Mordensky et al., 2018b).  
The combination of intrusion-related alteration and glacial carving has created a complex of steep 
volcanic talus slopes and cliffs with varying jointing orientations in the host rock and intrusion. Mordensky 
et al. (2018b) defined, mapped, and characterised the intact rock properties (e.g. porosity, permeability, P-
wave velocity, S-wave velocity, UCS) for the seven geotechnical units of Pinnacle Ridge: 1) unaltered 
brecciated lava margin (UBLM); 2) altered brecciated lava margin (ABLM); 3) unaltered dense coherent 
lava (UDCL); 4) altered dense coherent lava (ADCL); 5) unaltered intrusion (UI); 6) altered intrusion (AI); 
and 7) hydrothermal vein (HV). Mordensky et al. (2018a) completed rock mass descriptions of these 
geotechnical units by detailing the in situ macro discontinuity characteristics by three methods: 1) the 
Geological Strength Index (as described in Marinos & Hoek, 2000; Hoek et al., 2013); 2) Rock Mass Rating 
(as described in Bieniawski, 1989); and 3) scanline transect methods (as described in Manda & Mabee, 2010) 
for the geotechnical units. Although Mordensky et al. (2018a) modelled the rock mass strength of UBLM 
and ABLM, several assumptions (i.e. parameters within the Generalised Hoek-Brown Failure Criterion) 
were made because of the lack of published laboratory data for the geotechnical units. This manuscript 
summarises data from Mordensky et al. (2018b) and Mordensky et al. (2018a) along with the additional 
triaxial and tensile strength data presented herein to supply a complete analytical parameter suite to model 
the geomechanical effects of a small shallow intrusion into a volcanic rock mass. 
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6.2 Methods 
6.2.1 Sample locations 
Cylindrical intact-rock samples (40 mm in length × 20 mm in diameter) for UI, AI, UBLM, and HV from 
Pinnacle Ridge (Fig. 6.1) were collected and their physical properties (e.g. porosity, density, permeability, 
P-wave velocity, and S-wave velocity; for property values and uncertainty see Table S1) were characterised 
in Mordensky et al. (2018b). In order to provide volcanic material for all the geotechnical units of Pinnacle 
Ridge, we collected and characterised additional samples for UDCL, ADCL, UBLM, and ABLM (Fig. 6.1) 
using methods consistent with Mordensky et al. (2018b). 
 
Figure 6.1 Pinnacle Ridge (a) Photo of Pinnacle Ridge taken from ~600 m east (bearing 270°) of the largest 
intrusion of Pinnacle Ridge. North is frame-left. (b) Geotechnical unit overlay from Mordensky et al. (2018b) 
with sample locations for UDCL, UBLM, ADCL, ABLM, UI, AI, HV. Sample locations ADCL and HV are 
located behind the largest, young intrusion as indicated by arrows.  
6.2.2. Triaxial deformation and strength 
Varying the effective confining stress imposed upon a rock during compression strength testing provides 
the means of understanding mechanical rock properties over a range of stress conditions (Mogi, 1966; Hoek, 





′ is the major effective principal stress, 𝜎2
′ is the intermediate effective stress, and 𝜎3
′ is the minor 
effective principal stress) at a constant strain rate (1.0 x 10-5 s-1). The sample sets were confined using a Hoek 
cell and deformed with a Technotest loading frame at the University of Canterbury. Axial stress and strain 
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were recorded using a load cell and a linear variable differential transducer (LVDT), respectively. Note that 
we use the convention that compressive stresses are positive and tensile stress are negative, as is common 
practice in geological applications. 
The Hoek cell used at the University of Canterbury is one of the most commonly used types of 
pressure vessels in rock mechanics testing (e.g. Smart, 1995). The Hoek cell applies σ2 and σ3 by fluid 
pressure contained in a sleeve around the cylindrical sample (Hoek & Franklin, 1968; Franklin & Hoek, 
1970). The maximum principal stress, σ1 is applied by the loading frame on the steel platens located at 
either end of the Hoek cell with the sample deformed between the platens. It is important to note that the 
Hoek cell does not vary pore pressure, which is negligible at atmospheric conditions (~0.1 MPa). 
To simulate varying depths (0 to < 500 m), 𝜎3
′ was varied (1 – 20 MPa) by changing the confining 
stress (i.e. the minor effective stress [𝜎3]) in accordance with a simple effective pressure law (Equation 1): 
 𝜎3
′ = 𝜎3 − α𝜎𝑃 (1) 
In which Farquharson et al. (2016a) found α, the effective stress coefficient, is unity for porous andesites. 
The rocks in the study also include altered andesite and hydrothermal vein material (e.g. albite, kaolinite, 
and smectite). Although α for altered andesite and hydrothermal vein material has not been specifically 
studied, existing research (e.g. Baud et al., 2015) has found that α = 1 for other rock types as well; therefore 
we assume α = 1 for all samples. 
6.2.3 Indirect tensile strength testing 
Brazilian strength testing, a simple indirect tensile strength test, was used to acquire the tensile strength for 
each of the geotechnical units. In the Brazilian strength test, a circular disk, 40 mm in diameter and 
optimally ground 20 to 24 mm in length, is diametrically loaded (Ulusay & Hudson, 2007). The compression 
produces tensile stress normal to the loading axis until tensile forces corresponding to Equation 2 induce 






In which 𝜎𝑡 is the calculated tensile strength, 𝑃 is the load at failure, 𝐷 is the diameter of the specimen, and 
𝑡 is thickness of the test specimen (Perras & Diederichs, 2014). 
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6.2.4 Geotechnical parameters   
Geotechnical parameters were derived from the Generalised Hoek-Brown Failure Criterion (Equation 3) as 




′ =  𝜎3







𝐶𝑜 is the mean uniaxial compressive strength for intact rock, and D is the damage index associated with 
excavation. Note that for natural slopes D is 0. s, a, and 𝑚𝑏 are material constants calculated using Equations 
4, 5, and, 6 respectively: 
 















3⁄ ) (5) 
 




In which GSI is a rock mass classification index (Hoek et al., 2013) for which the data were obtained from 
Mordensky et al. (2018a) and 𝑚𝑖 is a material constant derived from the Hoek-Brown criterion for intact 
rock (Equation 7) as described in Hoek (1968) using the triaxial data collected in this study. 
 
𝜎1
′ =  𝜎3







A curve was fit to the intact rock deformation data using a Modified Cuckoo fit algorithm with 
residuals calculated by the vertical distance between the curve and intact rock test data using the 
RocScience software RocData©. It is worth noting that the Hoek-Brown failure criterion applies only to 
brittle rock failure and precludes ductile behaviour. 
The Generalised Hoek and Diederichs equation (Equation 888) was used to derive the rock mass 
deformation modulus (Hoek & Diederichs, 2006). 
 
𝐸𝑟𝑚 =  𝐸𝑖 (0.002 +
1 − 𝐷 2⁄
1 +  𝑒((60+15𝐷−𝐺𝑆𝐼) 11⁄ )
) (8) 
Where 𝐸𝑟𝑚 is the elastic modulus of the rock mass and 𝐸𝑖 is the elastic modulus of the intact rock. 
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6.2.5 Modelling 
Photogrammetric modelling was used to create a three-dimensional topographic profile across Pinnacle 
Ridge. Photo imagery was collected using a Phantom 3 unmanned aerial vehicle with a 12.1-megapixel 
camera. The images were run in Agisoft Photoscan Professional © software to produce a digital elevation 
model (DEM). Twelve ground control points in combination with GPS tagging of all collected imagery 
calibrated dimensions and locations within the model. The DEM was exported to Seequent LeapFrog © to 
produce a topographic profile, which was then used to export to Rocscience RS2 © for stability analysis. 
Numerical finite element modelling was undertaken in RocScience RS2 © with a plain strain 
analysis employing uncoupled solid-fluid interaction and a Gaussian Elimination solver type to test two 
scenarios: 1) the strength of the geotechnical units as they currently exposed at Pinnacle Ridge; and 2) the 
strength of the geotechnical units at ~500-m depth. The rock mass input parameters were derived from the 
Generalised Hoek-Brown failure criterion (Equation 3) and Hoek-Diederichs equation (Equation 8) for each 
geotechnical unit. Boundary conditions were set so that x- and y-boundaries were fixed. In the modelling 
of Pinnacle Ridge in its presently exposed topographic configuration, we assume a simple pore pressure 
gradient of 0 MPa at the surface interpolating to the targeted maximum pore pressure at the maximum 
depth of the model so as to prevent inelastic deformation in the rock masses at shallow subsurface 
conditions but allow elevated pore pressures at greater depths. In the second, hypothetical model, we test 
three scenarios: 1) a simple pore pressure gradient under hydrostatic conditions; 2) a scenario in which 
there is a pore pressure gradient under hydrostatic conditions until 400-m depth, where a hypothetical seal 
in the model increases pore pressure to 10 MPa below this depth; and 3) a pore pressure gradient in which 
pore pressures increase at a rate twice that of the hydrostatic with respect to depth. When we refer to 
elevated pore pressure, we are referring to pore pressures greater than the hydrostat. Pore pressures are 
imposed using a water pressure grid. Gravity provided the initial load conditions with all rock masses 
given a 0.027 MN/m3 unit weight and an in situ stress ratio of 1. A graded mesh was discretised using 3-
noded triangles with a default of 200 nodes on the external boundary. Dimensions of the geotechnical unit 
were determined by a combination of the DEM and field observation from Pinnacle Ridge. 
The stability of each geotechnical unit is given by a strength factor. A strength factor > 1 indicates 
a rock mass strength greater than the induced stresses applied to it. Reciprocally, a strength factor < 1 
indicates that the stresses acting on the rock exceed the rock mass strength, indicating the potential for 
inelastic deformation and failure of the rock mass.  
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6.3 Results and discussion 
6.3.1 Physical rock properties 
Before triaxial testing, physical rock properties (i.e. porosity, permeability, and elastic wave velocities) of 
the samples were characterised (Table 6.S1). UI and UDCL have the lowest porosities (0.71 – 3.52 % and 
2.51 – 4.88 %, respectively) with correspondingly low permeability values (10-19 – 10-18 m2) and high dry P-
wave velocities (4625 – 4380 m/s and 4074 – 3521 m/s, respectively). UBLM has the highest porosity (25.40 
– 30.38 %) and slowest dry P-wave velocity (1603 – 1937 m/s). ABLM, ADCL, AI, and HV have physical 
rock property values intermediate between the end-members defined by the unaltered geotechnical units. 
6.3.2 Indirect tensile strength 
We conducted 29 Brazilian (indirect tensile) strength tests to estimate tensile strength of the geotechnical 
units (Table 6.S2 with averages given in Table 6.1). These data are averaged by their geotechnical 
classification to provide the tensile cut-off strengths for the Hoek-Brown Failure Criterion. The unaltered 
geotechnical units (i.e. UDCL, UI, and UBLM) consistently have greater magnitude tensile strength (-10.18, 
-8.67, and -2.23 MPa, respectively) than their altered equivalents (ADCL, AI, ABLM; -1.91, -7.03, and -1.93 
MPa, respectively). HV has a tensile strength (-4.74 MPa) intermediate between the altered and unaltered 
volcanic materials.  
 Effective Confining Stress (MPa)  
Geotechnical Unit 0.5 1 2 3 5 6 10 15 20 
Tensile Strength 
(MPa) 
UI     189   319 329 -8.67 
AI     82   124 169 -7.03 
ABLM   35 50 36 45 71  95 -1.93 
UBLM 6 12 11  17   22 23 -2.23 
UDCL     176  326 357 469 -10.18 
ADCL     135  195 221 194 -1.91 
HV     59   109 112 -4.74 
Table 6.1 Triaxial compression test results (peak stress for brittle, initiation of inelastic strain for ductile) for 
Pinnacle Ridge samples according to geotechnical unit. Italicised data represent ductile deformation 
behaviour and are not used in the criterion. Tensile strength data are averaged from indirect Brazilian 
strength test data (see Table 6.S2). Standard Error ≤ 1% of the reported values. 
6.3.3 Triaxial deformation 
Twenty-six samples were tested under triaxial compression such that 3 – 6 triaxial tests were completed for 
each geotechnical unit (Table 6.S3). In this study, we use the term yield strength to refer to the peak 
differential stress (𝜎1
′ − 𝜎3
′) in experiments in which inelastic deformation initiated with strain softening 
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(i.e. a decrease in differential stress following peak differential stress; that is, brittle behaviour) or the 
differential stress at which elastic behaviour transitioned to inelastic strain hardening (i.e. a departure from 
the initial, linear section of the stress-strain curve associated with elastic deformation; that is, ductile 
behaviour) following practices in engineering geology nomenclature (e.g. Gonzalez de Vallejo & Ferrer, 
2011). In general, higher effective confining stress produced higher yield strength for each geotechnical unit 
(Fig. 6.2; Table 6.1). 
Five of the seven geotechnical units exhibit no change in deformation mode under the triaxial 
conditions of this study. Relatively low-porosity samples (i.e. UI, AI, UDCL, and ADCL) yielded by brittle 
deformation characterised by strain softening at all observed confining stresses. HV expressed moderate 
strain softening before transitioning into strain hardening at higher strain at the lowest effective confining 
stress. 
Unlike the other geotechnical units, the failure modes of UBLM and ABLM, which have relatively 
high porosity (26 – 31 % and 17 – 26 %, respectively) are dependent on changes that occur under low 
effective confining stress conditions (𝜎3
′ = 0 – 5 MPa). We observe strain softening in UBLM between 𝜎3
′ = 
0.5 – 1 MPa and strain hardening at 𝜎3
′ ≥ 2 MPa. We observe strain softening in ABLM between 𝜎3
′ = 2 – 3 
MPa and near perfectly plastic behaviour at 𝜎3
′ ≥ 5 MPa. Therefore, a < 2 MPa change in 𝜎3
′ is sufficient to 
change the failure mode of UBLM and a < 5 MPa change in 𝜎3
′ is sufficient to change the failure mode of 
ABLM. 
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Figure 6.2 Differential stress versus strain at varying effective confining stresses. 
6.3.4 Geotechnical parameters 
The triaxial data and UCS data from Mordensky et al. (2018b) for each geotechnical unit are plotted with 
their Hoek-Brown failure criterion fits in Fig. 6.3a. The intact rock geotechnical parameters, C𝑂 and 𝑚𝑖  
derived from the Hoek-Brown failure criterion Equation 7, as well as 𝐸𝑖 from Mordensky et al. (2018b), are 
summarised in Table 6.2. We then used the corresponding GSI data from Mordensky et al. (2018a) to 
determine the rock mass strength (Fig. 6.3b) and stiffness parameters using the Generalised Hoek-Brown 
failure criterion Equations 3-6 and the Hoek-Diederichs (Equation 8), respectively (Table 6.2). We derived 
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the equivalent Mohr-Coulomb parameters for each geotechnical rock mass (Table 6.2), cohesion (c) and 
friction angle (𝜙) by fitting to the Generalised Hoek-Brown failure criterion according to Equations 9 and 










Where k is the slope of the line relating 𝜎1
′ and 𝜎3
′ and σc is the uniaxial compressive strength of the rock 
mass (Equation 11).  
 𝜎𝑐 = C𝑂 + 𝑠
𝑎   (11) 
We also report the equivalent rock mass tensile strength (σT) and global rock mass compressive 





 (𝑚𝑏 − √𝑚𝑏
2 + 4𝑠) (12) 
 
𝜎𝑐𝑚 =
2𝑐 × cos 𝜙
1 × sen 𝜙
  (13) 
The C𝑂 values of UI and UDCL are greater than their altered equivalents, AI and ADCL (Table 6.2), 
whereas the C𝑂 value of UBLM is less than its altered equivalent, ABLM. In general, 𝑚𝑖 values are at least 
one order of magnitude greater than 𝑚𝑏 values (Table 6.2). Similarly, C𝑂 values are one to several orders of 
magnitude greater than that of σc. Although σc maintains similar relationships between corresponding 
unaltered and altered geotechnical units as the intact rock C𝑂, the 𝑚𝑏 relationships are not the same as for 
𝑚𝑖 (Table 6.2). This is because GSI affects different components of the Generalised Hoek-Brown failure 
criterion differently. 
6.3.5 Ductile deformation and the Hoek-Brown failure criterion 
The difference between brittle and ductile deformation of a material is commonly considered as a first-
order distinction when describing rock deformation from an engineering perspective (e.g. Gonzalez de 
Vallejo & Ferrer, 2011). Byerlee (1968) distinguishes between brittle behaviour as a decrease in compressive 
strength following the onset of inelastic deformation and ductile as no loss in compressive strength 
following the onset of inelastic deformation. However, in other contexts (e.g. rock physics) the defining 
specifics of brittle and ductile vary (e.g. Rutter, 1986; Wong & Baud, 2012). In our study providing 
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geomechanical parameters for engineering geology concepts, we ascribe to the distinction provided by 
Byerlee (1968) and Gonzalez de Vallejo and Ferrer (2011). 
 
Figure 6.3 (a) Intact Hoek-Brown failure criteria. Orange vertical dashed line is ADCL tensile strength cut-
off. Filled data points indicate (brittle) data used to derive the criterion. Hollow points (e.g. UBLM and 
ABLM) indicate (ductile) data not used to derive the criterion. Mogi Line provides brittle-ductile transition 
from Mogi (1966). (b) Generalised (rock mass) Hoek-Brown failure criteria for all geotechnical units. 
Ductile deformation is not applicable for the Hoek-Brown failure criterion (Hoek & Brown, 1997; 
Bewick & Kaiser, 2013). Therefore, 𝑚𝑖 was calculated from tests that exhibited brittle (i.e. strain softening) 
behaviour (Figs. 6.2, 6.4). We also compared our results with the Mogi line (Fig. 6.3a). The Mogi line (Mogi, 
1966) is a 3.4:1 ratio between major and minor principal stresses and serves as a measure of the brittle-
ductile transition in rock (e.g. Bewick & Kaiser, 2013). Test results plotting below this line are expected to 
be ductile, and test results plotting above are expected to be brittle. It is worth noting, we find that both 
UBLM and ABLM produced ductile test results that plot above the Mogi line. Hence, the Mogi line may 
not serve as an accurate model for determining brittle-ductile behaviour in primary or altered volcanics. 
We saw no evidence of brittle behaviour in any of the results that plot below the Mogi line. 
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Geotechnical Unit 
Intact Rock Hoek-Brown Failure Criterion 
Generalised Hoek-Brown Criterion Failure 
Criterion 
Derived Mohr-Coulomb for x 
m high slope 
Rock Mass Mechanical Parameters 
σci (MPa)  mi   Ei (GPa) Residuals (MPa)  GSI    mb     a      s    φ (°) c (MPa) σc (MPa) σcm (MPa)  σt (MPa)  Erm (GPa) 
ABLM 28 13 8.4 49 35 - 70 (53) 2.4 0.505 0.0054 33 1.5 2 5.8 -0.06 3.1 
ADCL 87 20 21.5 2386 30 - 75 (56) 4.3 0.504 0.0075 39 5.9 7 24.3 -0.15 9.2 
AI 52 16 9.4 329 37 - 60 (48) 2.4 0.507 0.0031 34 2.9 3 10.7 -0.07 2.5 
HV 43 9 9.1 132 41 - 51 (46) 1.2 0.508 0.0025 28 1.9 2 6.4 -0.09 2.2 
UBLM 4 17 1.6 6 77 - 80 (79) 8.0 0.501 0.0970 44 0.4 1 1.9 -0.05 1.4 
UDCL 141 50 24.1 6762 65 - 90 (78) 22.8 0.501 0.0868 52 16.1 41 94.2 -0.54 20.7 
UI 168 21 38.0 1517 20 - 70 (45) 2.9 0.508 0.0022 35 9.7 8 37.7 -0.13 8.5 
Table 6.2 Summary of geotechnical parameters. σci  — modelled UCS from intact Hoek-Brown failure criterion; 𝑚𝑖 — material constant derived from 
Equation 7; 𝐸𝑖 – Elastic modulus of intact rock; GSI—Geological Strength Index; 𝑚𝑏 — material constant derived from Equation 6; a —material 
constant derived from Equation 5; s — material constant derived from Equation 4; φ — friction angle; c — cohesion; σc — uniaxial strength of rock 
mass; σcm — global strength (see Hoek et al. (2002)); σT — tensile strength of rock mass; 𝐸𝑟𝑚 — elastic modulus of rock mass; Residual — Residual 
error between the failure envelope and the lab data.  
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Figure 6.4 Post-deformation core images. (a) ABLM deformed brittlely at Peff = 2 MPa. Strain accommodated 
by discrete fractures. (b) ABLM deformed ductilely at Peff = 20 MPa. Strain remains nonlocalised across 
length of sample. (c) UBLM deformed brittlely at Peff = 1 MPa. Strain accommodated by discrete fractures. 
(d) UBLM deformed ductilely at Peff = 2 MPa. Strain remains nonlocalised across length of sample. 
6.4 Edifice stability modelling 
6.4.1 Numerical modelling the effect of pore pressure variation with current topography 
We first consider the effect of pore pressure in present-day Pinnacle Ridge. We use a cross-section of 
Pinnacle Ridge intersecting the largest young intrusion at Pinnacle Ridge (Fig. 6.5a,f,k). We model the effect 
of different pore pressures with (Fig. 6.5a,b,c,d,e) and without (Fig. 6.5f,g,h,i,j) the HV geotechnical unit as 
described in Mordensky et al. (2018b). 
In the scenario without HV, the brecciated lava margins (e.g. UBLM and ABLM) have a noticeable 
drop in strength factor as σp is increased from 0 MPa to 0.5 MPa, while UI, AI, UDCL, and ADCL are not 
greatly affected (Fig. 6.5b,c). Although strength factors decrease as σp is increased to 1 MPa, strength factors 
remain > 1 (Fig. 6.5d); however, when σp = 2 MPa, all geotechnical units have a strength factor < 1 (Fig. 6.5e) 
in the shallow portions of the ridge. 
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In the scenario with the prominent hydrothermal vein, all geotechnical units except HV express 
similar behaviour as the scenario without the hydrothermal vein; however, HV consistently exhibits a 
lower strength factor at greater depths than the other geotechnical units. When σp = 0 MPa, the section of 
HV with a strength factor < 1 is 10s of m deep. When σp = 2 MPa, HV has a strength factor less than 1 from 
the surface to 100+ m into the ridge. This scenario presents the potential for a seemingly small change in 
pore pressure to destabilise the ridge and mobilise several hundred cubic metres of rock. 
6.4.2 Numerical modelling pore pressure variation at depth at an active portion of Ruapehu 
Before comparing the results of our study to that of others’ research and the consequential implications, 
we consider one more scenario of elevated pore pressure conditions on hydrothermally altered material at 
an active magmatic system at depth. In this scenario, we model the effect elevated pore pressure would 
have had on the hydrothermal system shortly after forming. We assume a depth of ~500 m as suggested by 
Hackett (1985). We use ABLM, ADCL, UI, AI, and HV as our rock mass materials. 
In Fig. 6.6 we present a finite element model depicting a geological environment similar to that 
mapped by Mordensky et al. (2018b) and presented in Fig. 6.1. That is, there is an intrusion (UI) at a depth 
surrounded by interlayered ADCL and ABLM and adjacent to a minor volume of AI (Fig. 6.6a). An HV 
vein runs ~50 m on one side of UI. However, the model assumes the top extent of UI to be at ~500 m depth 
rather than daylighting at the surface (e.g. Fig. 6.5). At 500-m depth, pore pressure resulting from the 
hydrostat is near 5 MPa. We consider a maximum pore pressure up to 10 MPa at these depths as a 
reasonably conservative estimate of potential pore pressures in a volcanic system, because confined 
volcanic systems can host pore pressures exceeding several tens of megapascals (see Chugh, 1981; Day, 
1996; Newhall et al., 2001). Therefore, we consider three conditions: 1) the system under simple hydrostatic 
conditions (σp = 0 MPa at the surface and interpolates to σp = 6 MPa at 600-m depth;  Fig. 6.6c); 2) the system 
with a seal at 400-m depth that inhibits outgassing below these depths (σp = 0 MPa at the surface and 
interpolates to σp = 4 MPa at 400-m depth, but then is 10 MPa below 400-m depth;  Fig. 6.6d); and 3) a 
scenario similar to 6.6c, but with outgassing inhibited at the surface so that pore pressure increases at twice 
the rate of the hydrostat (σp = 0 MPa at the surface and increases linearly to σp = 12 MPa at 600-m depth 
(Fig. 6.6e). Under all pore-pressure conditions, the UI, AI, ADCL, and ABLM have a strength factor > 5, 
while HV has a lower strength factor with greater variability between the imposed pore pressures (Fig. 
6.6c,d,e). In the scenario with hydrostatic conditions at all depths (Fig. 6.6c), HV has a strength factor > 1. 
In the scenarios with elevated pore pressures (pressure greater than the hydrostat), HV has a strength of < 
1 as pore pressures exceed the hydrostat. 
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Figure 6.5 Pinnacle Ridge depicted by geotechnical units with (a) and without (f) a hydrothermal vein and 
the strength factors for its geotechnical units at σp = 0 MPa (b,g), σp = 0.5 MPa (c,h), σp = 1 MPa (d,i), and σp 
= 2 MPa. The cross-section of the ridge runs from the crest of Pinnacle Ridge through the western face of 
the large, young intrusion (k). 
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Figure 6.6 (a) Small intrusion at depth (~500 m) depicted by the geotechnical units of Pinnacle Ridge. (b) 
Strength factor modelled by RocScience RS2 © of same rock mass as frame (a) under hydrostatic conditions. 
UI, AI, UBLM, and ABLM appear to have a strength factor > 5. Lower strength factors at edges of model 
frame are boundary effects. Note that the strength factor of HV is unobservable due to the scale. (c) Inset 
of region encompassing HV, UI, and AI from frame (b). σp is set to hydrostatic conditions. (d) Inset of the 
same rock mass as frame (c) but with σp set to hydrostatic conditions from the surface to 400-m depth and 
then 10 MPa below 400-m depth. HV has a strength factor of less than 1 at > 400-m depth, indicating that 
HV would fail below this depth. (e) Inset of the same rock mass as frame (c) and (d) but with σp at twice 
that imposed under hydrostatic conditions. HV has a strength factor less than 1, indicating that this 
geotechnical unit will have failed. The strength factor of the other geotechnical units remains > 5. 
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6.5 Implications 
The numerical models presented in Figs. 6.5 and 6.6 do not serve as true slope-stability analyses of Pinnacle 
Ridge, but they depict the destabilising influence of a hydrothermal vein on a rock mass and that a minor 
increase in pore pressure (0.5 – 10 MPa) can lead to rock mass failure. 
 Mordensky et al. (2018b) reported that for its strength, HV had relatively low permeability when 
compared to the other geotechnical units. In other words, HV serves not only as a plane of weakness within 
an altered zone but also as a means to inhibit outgassing and augment pore pressure. Previous research 
has demonstrated that hydrothermally altered material weakens an edifice (e.g. Watters et al., 2000). We 
expand from this using the numerical models (Figs. 6.5, 6.6) presented in this study to demonstrate that 
suitably weak hydrothermal veins can produce a greater effect on stability than the loss of strength of 
altered volcanics.  
The effect of elevated pore pressure presented in our numerical models (Figs. 6.5, 6.6) is consistent 
with results of Day (1996) and Apuani et al. (2005b) in that elevated pore pressure reduces the stability of 
a volcanic edifice. Change in pore pressure could be brought about by a variable gas flux from a magma 
body (e.g. Rye, 1993; Wallace, 2005) or a decrease in permeability of the host rock (e.g. Farquharson et al., 
2017b; Schaefer et al., 2018).  
Another means of discussing deformation behaviour is using the terms dilatant and compactant. 
Dilatant and compactant behaviour refers to the increase or decrease, respectively, in the porosity of the 
rock in response to stress (e.g. Read et al., 1995; Wong & Baud, 2012; Heap et al., 2015a). Under low effective 
confining stress conditions, rocks dilatantly fail (e.g. axial splitting, shear failure) regardless of intact-rock 
porosity (e.g. Faulkner, 2006). Under high effective confining stress, low-porosity rocks still fail dilatantly, 
but high-porosity rocks experience compaction through cataclastic pore collapse and grain crushing (e.g. 
Kennedy et al., 2009; Zhu et al., 2011; Loaiza et al., 2012; Wong & Baud, 2012; Adelinet et al., 2013; Heap et 
al., 2014; Heap et al., 2015b). Deformation behaviour can play a role in determining permeability 
(Farquharson et al., 2016b; Farquharson et al., 2017a). Generally, an increase in porosity is associated with 
an increase in permeability in volcanic material (e.g. Klug & Cashman, 1996; Rust & Cashman, 2004; 
Mueller et al., 2005; Mueller et al., 2008; Wright et al., 2009; Rust & Cashman, 2011; Farquharson et al., 2015; 
Kushnir et al., 2016; Heap et al., 2017; Mordensky et al., 2018b). Consequently, deformation behaviour is 
critical to understanding the outgassing behaviour and, thereby, eruptive behaviour of a volcanic system 
(i.e. explosive versus effusive behaviour; e.g. Upton & Wadsworth, 1970; Woods & Koyaguchi, 1994; 
Sparks, 1997; Kennedy et al., 2016). 
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 Heap et al. (2015a) associated dilatant behaviour with strain softening and compactant behaviour 
with an absence of significant strain softening in andesitic lavas. We observe that alteration changes the 
deformation mode of the brecciated lava margins at low 𝜎3
′ (< 5 MPa). Specifically, we observe a transition 
from substantial drops in peak differential stress during the UCS testing from Mordensky et al. (2018b) to 
strain hardening in UBLM at lower effective confining stress (1 – 2 MPa) than in ABLM (3 – 5 MPa; Fig. 
6.2). We, therefore, interpret the strain hardening of UBLM at > 1 MPa and ABLM at > 3 MPa as strong 
evidence of compactant behaviour. When considered in conjunction with porosity-change deformation 
studies (e.g. Heap et al., 2015a; Farquharson et al., 2017a), our stress-strain data (Fig. 6.2) suggest that some 
geotechnical units (e.g. UBLM and ABLM) may further compromise the strength of HV by decreasing 
permeability during inelastic deformation and thereby augment pore pressure. The reduction in 
permeability reduces outgassing potential (e.g. Richard et al., 2013) and presents not just a higher likelihood 
of explosive eruptions (e.g. Sparks, 1997) but of increased compartmentalisation within the edifice leading 
to higher pore pressure (e.g. Day, 1996).  
Given sufficiently high pore pressure, volcanic material at depth can change its deformation mode 
from compactant to dilatant as a function of decreasing 𝜎3
′ (e.g. Farquharson et al., 2016a). The fractures 
resulting from the dilatant behaviour present a high likelihood of increasing rock mass permeability (e.g. 
Raven & Gale, 1985; Heap & Kennedy, 2016; Lamur et al., 2017), decreasing pore pressure and, thus, 
increasing effective confining stress. In other words, sufficient pore pressure presents the potential to 
induce a negative feedback loop within the system (e.g. Heap & Wadsworth, 2016). However, it is worth 
noting the strength factor of HV decreased to < 1 (Fig. 6.6e) while that of the other geotechnical unit 
remained > 5 (Fig. 6.6b,e). Hence, an increase in pore pressure sufficient to cause failure within HV may 
not be sufficient initially to induce failure in the other rock masses. At Pinnacle Ridge, the hydrothermal 
vein in Mordensky et al. (2018a), Mordensky et al. (2018b), and this study is not presently oriented 
sufficiently to induce failure of the slope. However, depending on the dimensions and orientation of the 
other geotechnical units, the geomorphology of a volcano, and the kinematics at play, the failure of HV 
may cascade into a large edifice collapse or lahar generation (e.g. Cook et al., 2018; Schaefer et al., 2018). In 
an effort to understand these comparisons, we emphasise the need for additional research on this subject. 
It is worth consideration that the thin and continuous nature of hydrothermal veins may mean that 
motion may not be sustained if failure initiated solely in hydrothermal veins; however, we highlight that 
the residual strengths of indurated and non-indurated rocks are generally lower than their peak strengths 
(see Elsworth & Voight, 1995). Furthermore, the low permeability (as low as 10-18 m2) of hydrothermal vein 
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material (Mordensky et al., 2018b) may foster an undrained environment in which excess pore pressure 
may build despite the degree of inelastic deformation. Frictional heat during initial failure may provide yet 
another means to augment pore pressure and decrease strength that could lead to larger, edifice-scale 
ramifications (Voight & Faust, 1982). Should initial failure occur in the hydrothermal vein material, there 
is means for this failure to cascade to the edifice scale. Finally, seismicity, ubiquitously common to volcanic 
environments (see Zobin, 2012), increases the likelihood for hydrothermal vein material to serve as means 
to destabilise other rock masses (see Hoek et al., 2013). 
We note the importance of careful observation when completing rock mass characterisation. In the 
modelling we conduct, GSI represents the most likely means by which rock mass strength may be 
inaccurately determined. In addition to variation in GSI having a relatively stronger impact on modelled 
rock mass strength than variations in the other parameters (see Villeneuve et al., 2018), the other parameters 
involved in the Generalised Hoek-Brown failure criterion (i.e. 𝐶𝑜, 𝑠, 𝑎, and 𝑚𝑖) can be compared and 
checked to subsequent uniaxial and triaxial deformation tests. GSI, however, relies upon qualitative 
assessment by experienced geotechnical personnel. Inaccurately characterising a rock mass will 
substantially influence the modelled rock mass strength as rock mass strength changes exponentially with 
changes in GSI values (e.g. Thomas et al., 2004). 
We conclude that a shallow intrusion can make host rock more vulnerable to rock mass failure by 
a combination of alteration of the primary volcanics and deposition of hydrothermal veins. Both processes 
present the potential to decrease the overall permeability of the edifice (e.g. Table 6.S1; Mordensky et al., 
2018b). The hydrothermal veining in particular represents the weakest rock mass within the alteration halo 
(Figs. 6.2, 6.3) and can serve as a plane of weakness in the edifice that could lead to the displacement of a 
large volume of rock. The hazard imposed by hydrothermal veining is further exacerbated by elevated pore 
pressures that could result from strain on the surrounding rock masses. 
6.6 Conclusions 
This study presents and discusses triaxial deformation strength data of the seven geotechnical units of 
Pinnacle Ridge, Mt. Ruapehu, New Zealand in which a small shallow intrusion variably altered primary 
andesitic material to advanced argillic smectitic and kaolinite clays in a small epithermal system. Using 
these data in combination with lab and field data from other Pinnacle Ridge studies, we use numerical 
modelling to demonstrate that hydrothermal vein material is the weakest rock mass of the hydrothermally 
altered rocks and presents a risk of failure at elevated pore pressures. Ductile deformation and the likely 
resulting compactant deformation in the brecciated lava margins at low effective confining pressure 
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exacerbates this risk. Although hydrothermal veins are a seemingly trivial volume of rock, its failure could 
destabilise larger rock volumes. Therefore, advanced argillic alteration serves as a critical element when 
modelling the stability of andesitic volcanoes. Additionally, the presented physical, mechanical, and 
geotechnical properties will facilitate modelling of other systems for which data may not be so readily 
accessible (e.g. active subsurface systems). 
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Chapter 7 
Conclusions 
7.1 Key findings of the thesis 
In this thesis, I investigate the effects a small shallow intrusion produces in volcanic host rock through a 
series of laboratory studies (Chapters 2, 3, 4, 6) and fieldwork (Chapter 5). In doing so, I observe the 
influence of intrusions at micro-, meso-, macro-, and mega-scales. I conclude that alteration ultimately 
weakens the rock mass inside the alteration halo (Chapters 3, 5, 6) and makes these rocks more susceptible 
to ductile behaviour (Chapter 4) at shallow depths. Moreover, I emphasize that hydrothermal vein material 
is a presently overlooked geotechnical unit that can act as a zone of weakness and provide means of 
weakening entire rock slopes and augmenting pore pressure (Chapter 6). However, these effects are 
dependent on the maximum temperature (Chapter 2) and cooling rate of the intrusion (Chapter 2 versus 
Chapter 3). The key findings of this combined research are depicted in Figure 7.1 and listed in Table 7.1. 
I initiated my research by thermally stressing hydrothermally altered Rotokawa Andesite samples 
using the high-temperature, high-pressure Magma Brewery autoclave at the University of Canterbury 
(Chapter 2). During this period, I was simultaneously planning and conducting the preliminary assessment 
for the site investigation at Pinnacle Ridge, Mt. Ruapehu. I used the results of the thermal stimulation – 
over short-durations (circa 30 min), as maximum treatment temperature (350 – 739 °C) increases, the porosity and 
permeability of altered andesite increases – to inform my sampling plan and field observations at Pinnacle 
Ridge, Mt. Ruapehu. 
I approached Pinnacle Ridge with the intent to measure the geomechanical properties of the host 
rock and observe their relationship with distance to the largest intrusion at Pinnacle Ridge (Chapter 3) and 
found that the brecciated lava margins decrease in porosity and permeability and increase in strength at the sample-
scale as distance to the intrusion decreases. The changes in these geomechanical properties are a product of 
smectitic clay precipitation that fills pore cavities from advanced argillic alteration. The advanced argillic 
alteration increases the porosity and permeability and decreases the strength of the other geotechnical units (i.e. 
intrusions and dense coherent lavas) at the sample scale. Increased confining pressure decreases permeability for all 
the geotechnical units; however, dissolution appears to decrease the effect of effective (confining) pressure on 
permeability. Therefore, permeability heterogeneity between the geotechnical units increases with depth. 
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Finally, I argue that hydrothermal vein material needs to be considered as its own geotechnical unit because of its 
unique geomechanical properties. 
 
Figure 7.1 Key findings in dissertation. Major conclusions are provided by their respective chapters of the 
dissertation. For additional detail, see each respective chapter. 
I follow my geomechanical characterization of Pinnacle Ridge with another study investigating the 
difference in deformation behaviour between andesite with intermediate argillic alteration and andesite 
with advanced argillic alteration (Chapter 4). Using a unique sample of dense coherent lava material 
hosting both forms of alteration, I observe that advanced argillic alteration lowers the effective (confining) 
pressure at which the sample transitions from brittle to ductile behaviour through increased porosity and replacement 
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of primary mineralogy with smectitic clays. I reflect that alteration produces a means to inhibit seismicity by allowing 
volcanic material to undergo ductile deformation at exceptionally shallow depths (i.e. hundreds of metres). 
Chapter Specific Aim(s) Outcome(s) 
Chapter 2 Detail the petrophysical effects that varying 
peak temperatures (350 – 739 °C) at 20 MPa 
produces in hydrothermally altered Rotokawa 
andesite 
Over short-durations (circa 30 min), as maximum treatment 
temperature (350- 739 °C) increases, the porosity and 
permeability of altered andesite increases. 
Chapter 3 Characterise the mechanical and physical rock 
properties of the geotechnical units related to 
the emplacement of a small, shallow intrusion 
in a volcanic domain  
The brecciated lava margins decrease in porosity and 
permeability and increase in strength as distance to the 
intrusion decreases. 
 
The advanced argillic alteration increases the porosity and 
permeability and decreases the strength of the other 
geotechnical units. 
 
Increased confining pressure decreases permeability for all 
the geotechnical units; however, dissolution appears to 
decrease the effect of effective confining pressure on 
permeability. 
 
Hydrothermal vein material needs to be considered as its own 
geotechnical unit because of its unique geomechanical 
properties. 
Chapter 4 Identify the relevant pressure conditions for a 
change in brittle to ductile failure mode in 
argillic and advanced argillic altered andesites 
with a range of porosity 
Advanced argillic alteration lowers the effective confining 
pressure at which the sample transitions from brittle to ductile 
behaviour through increased porosity and replacement of 
primary mineralogy with smectitic clays. 
 
Alteration produces a means to inhibit seismicity by allowing 
volcanic material to undergo ductile deformation at 
exceptionally shallow depths (i.e. hundreds of metres). 
Chapter 5 Characterise the discontinuity properties of the 
shallow hydrothermal system at Pinnacle 
Ridge 
 
Assign the rock mass properties of the 
intrusions at Pinnacle Ridge and the host rocks 
of the shallow hydrothermal system 
Scale is an important consideration when considering the 
effect of alteration on rock mass properties. 
 
Alteration increases the discontinuity density and decreases 
the discontinuity surface quality. These changes adversely 
affect the rock mass strength in brecciated lava margins 
despite the pore-filling strengthening that alteration may 
cause to host rock at the sample-scale. 
 
The higher discontinuity density of the altered rock masses 
promotes higher rock mass permeability than the unaltered 
rock masses. 
Chapter 6 Define the Generalised Hoek-Brown failure 
criterion parameters for the geotechnical units 
of Pinnacle Ridge associated with the shallow 
hydrothermal system 
 
Asses the pore pressure influence on the rock 
mass strength of the geotechnical units 
associated with a hydrothermal system 
Minor variations in pore pressure are sufficient to induce 
failure in hydrothermal vein material before the strength the 
other geotechnical units become compromised. 
 
Altered and unaltered brecciated lava margins can transition 
from brittle to ductile behaviour at < 10 MPa. The other 
geotechnical units remain brittle to > 20 MPa. 
Table 7.1 Key research topics and conclusions (outcomes) developed from this thesis. 
It is necessary to recognize that scale plays a role in rock property characterization. Through 
examining the influence of advanced argillic alteration on andesitic volcanics at the field-scale, I find that, 
in general, alteration weakens andesite rock masses (Chapter 5). The increase in discontinuity density and decrease 
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in surface quality adversely affects the rock mass strength in brecciated lava margins despite the pore-filling 
strengthening that alteration may cause to host rock at the sample-scale (e.g. in the brecciated lava margins). These 
discontinuity qualities are reflected by an increase in in situ permeability immediately surrounding 
intrusions at the metre-scale. This investigation highlights the importance and need for accurate rock mass 
parameters when assessing rock mass strength. 
A subsequent investigation using triaxial deformation allowed me to constrain the rock mass 
parameters (Chapter 6) for application at sector-scale. I then use these data with the data presented in 
Chapters 3 and 5 using the Generalised Hoek-Brown failure criterion to numerically model rock mass 
strength under varying stress conditions. I find that minor variations in pore pressure are sufficient to induce 
failure in hydrothermal vein material before the strength of the other geotechnical units become compromised.  
7.2 Implications 
The research I present has implications ranging from the geothermal power production industry to volcanic 
monitoring and slope stability assessment. 
The changes in permeability presented by a magmatic intrusion have direct consequence in the 
geothermal industry. I demonstrate that consideration should be given to rock from geothermal systems 
that may have recently been exposed to short-lived, high-temperature conditions. This scenario has already 
occurred at the Ngatamariki Geothermal Field, New Zealand, where drilling intersected an intrusion at 2.2 
km depth (see Chambefort et al., 2014). Under these conditions, permeability can increase by over an order 
of magnitude in response to the thermal effects (e.g. Chapter 2). A one order of magnitude change in 
permeability can affect the economic viability of geothermal power facilities (e.g. Krafla, Iceland), where a 
narrow range (< 1 order of magnitude) of permeability may be required to maintain economically viable 
power production (Scott et al., 2015). The research presented in this thesis also highlight the importance of 
scale when attempting to assess permeability (e.g. Chapter 3 [sample-scale] versus Chapter 5 [field-scale]). 
That is, macro-scale discontinuities are not reflected in sample-scale permeability testing, and reservoir 
permeability cannot be measured by sample-scale properties alone (e.g. Heap & Kennedy, 2016). Rock mass 
properties and macro structures are important considerations when assessing geothermal fluid pathways 
(e.g. Rissmann et al., 2011). 
Volcanic monitoring presents a varied range of challenges with pre-eruptive processes varying 
between volcanoes (e.g. Mt. Ruapehu versus Mt. St. Helens; e.g. Endo et al., 1981; Bryan & Sherburn, 1999) 
or simply over time at the same volcano (e.g. Mt. Ruapehu; Sherburn et al., 1999). Chapter 4 shows that 
CHAPTER 7: CONCLUSIONS  203 
alteration (i.e. intermediate argillic alteration versus advanced argillic alteration) influences the 
deformation behavior (i.e. brittle versus ductile) of andesite. Advanced argillic alteration can create zones 
of anomalously shallow (< 500 m) ductile behaviour. Advanced argillic alteration is common at many 
stratavolcanoes (e.g. Mt. Rainer, USA (Crowley & Zimbelman, 1997), Teide, Tenerife, Spain (del Potro & 
Hürlimann, 2009; Villasante-Marcos et al., 2014)) and caldera volcanoes with active hydrothermal systems 
(e.g. Whakamaru caldera, New Zealand (Krupp & Seward, 1987), Long Valley caldera, USA (Flexser, 1991)). 
Consequently, volcano-tectonic seismicity, which is requisite upon the brittle breaking of rock, is less likely 
from these zones dominated by shallow ductile deformation (e.g. Chapter 4). Hence, the results of this 
research could allow deformation associated with magma rise without significant volcano-tectonic 
seismicity where ductile deformation was dominant. Additionally, this work illustrates the heterogeneity 
of volcanic rocks over short distances allowing varied deformation modes under similar pressure 
conditions as seen at other volcanoes (Heap et al., 2015a; Heap et al., 2015b). The deformation modes also 
have implications for permeability, where brittle deformation may increase permeability (Nara et al., 2011; 
Farquharson et al., 2016; Pérez-Flores et al., 2017) and ductile deformation may reduce permeability 
(Farquharson et al., 2017); this affects the volcanoes ability to outgas and may control explosive effusive 
transitions (e.g. Cassidy et al., 2018). Overall, our variable deformation underscores the necessity of a 
multiple monitoring methods (e.g. seismic, deformation, gas; Bamler & Hartl, 1998; Dehn et al., 2000; Baldi 
et al., 2002; Bechor & Zebker, 2006; Mori & Burton, 2006; Thomas et al., 2009) at volcanic edifices rather than 
relying upon a single pre-eruptive indicator. 
The empirical rock mass strength parameters established in Chapter 6 can be used for volcanoes 
worldwide to asses volcano stability (Hoek, 1968; Hoek & Brown, 1980; Hoek, 1983, 1994; Hoek et al., 2002; 
Eberhardt, 2012; Hoek et al., 2013). The values presented in this thesis provide the first, complete 
parameterisation of rock masses associated with the intrusion of a magma into a volcanic edifice (Chapters 
3, 5, 6). Chapter 6 also shows how minor variation in pore pressure can induce failure in hydrothermal vein 
rock mass material before the other geotechnical units. Pore pressure has been implicated in past and future 
volcano collapse scenarios (e.g. Schaefer et al., 2018). Hydrothermal vein material presents a failure surface 
which requires careful attention when completing stability assessments in altered parts of an edifice and 
may be easily overlooked in less detailed assessment and analysis. The edifice compromising 
characteristics hydrothermal vein material require clear distinction from other hydrothermal alteration 
products (e.g. quartz precipiation in the Ohakuri hydrothermal system, New Zealand; Henneberger & 
Browne, 1988) that can increase the strength of altered rock (see Wyering et al., 2014; Wyering et al., 2015). 
Also, the methodology to develop high-resolution topographic cross-sections using UAV-collected 
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imagery and photogrammetric processing in Chapter 6 may prove useful for slope stability modelling as 
this workflow creates centimetre-scale DEMs and serves to augment studies were only metre-scale LiDAR 
datasets are available. Similar approaches have proved useful in volcanic slope stability assessments (e.g. 
Roberti et al., 2018; Török et al., 2018). 
Individually, the independent studies in this thesis answer specific questions related to the effects 
that shallow intrusions have on their volcanic host rock at a variety of scales and confining stresses and 
have a wide range of applications. Taken together, the combined research presented provides a 
comprehensive understanding of the effect intrusions have on volcanoes. 
7.3 Future Work 
While this research addressed many topics regarding the physical and mechanical rock properties related 
to a shallow intrusion, I did not have time to address several questions that arose in my three years at the 
University of Canterbury. I provide several of these questions below. 
• How would the effect of thermal stressing (like that completed in Chapter 2) affect unaltered 
andesite? How do different pressures varying the effect of thermal stressing on the geomechanical 
properties of unaltered and altered volcanic material? How does thermal stressing affect the 
triaxial deformation of volcanic material? How does peak-temperature duration affect the change 
geomechanical properties of the volcanic rock? 
• What specific attributes (e.g. higher permeability) of brecciated lava margins make them more 
susceptible to mineral precipitation in a hydrothermal system? Conversely, what specific attributes 
of the other geotechnical units make them more susceptible to dissolution in a hydrothermal 
system? 
• What is the nature of porosity and alteration at depth within Mt. Ruapehu, can we use geochemical 
models to predict pore precipitation, compaction, and strengthening to better inform our deeper 
rock mass properties? How do other forms of alteration (e.g. propylitic) affect deformation of 
volcanic material? 
• How can we use scanline and rock mass data to model rock mass permeability? What are the 
critical variables needed to accurately model permeability and can rock mass assessments be used 
to estimate the permeability of volcanic rock? 
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• What are the constraints on the composition and extent of hydrothermal veining within a volcanic 
edifice? What is the average extent and geometry of hydrothermal vein in a rock mass? How do 
these attributes between different types of rock masses? At what orientation relative to a free 
surface and/or load is a hydrothermal veining weakest? Does the composition, depth, and 
temperature of the hydrothermal system produce any systematic variation in vein type that could 
inform future modelling? What are the dimensional constraints at which hydrothermal vein failure 
presents a substantial risk of a large mass movement event? 
• Could sub-surface hydrothermal veins be mapped by ground penetrating radar, electro-resistivity 
surveys, aeromagnetic surveys, or another remote sensing means? 
• How quickly can pore pressure change and over what scale in a volcanic edifice? How does pore-
pressure cycling and its consequential fatigue affect the slope stability of a volcanic edifice? How 
can one account for fatigue using the generalised Hoek-Brown failure criterion? Given the active 
hydrothermal system present beneath Mt. Ruapehu’s crater lake and the data collected from this 
thesis, is Mt. Ruapehu at risk of a catastrophic collapse event today? What combinations of 
alteration intensity, pore pressure, macro structures (e.g. stratigraphy, discontinuity 
characteristics) would be required to induce failure today? 
• Could evidence be seen in past collapse events for similar pore-pressure, hydrothermal-vein 
induced destabilisation of the volcanic edifice as hypothesised in this thesis? 
• In carbonate-bearing hydrothermal systems, does climate change present the potential to weaken 
rock masses and, if so, at what elevations and latitudes and at what rate(s) would these changes 
occur? 
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7.4 Appendices 
Contents of Electronic Appendices 
• Appendix A: Stress-strain data in Chapter 2 
• Appendix B: Ultrasound data in Chapter 2 
• Appendix C: Rock property data in Chapter 3 (Supplemental data for publication) 
• Appendix D: Stress-strain data in Chapter 3 
• Appendix E: Ultrasound data in Chapter 3 
• Appendix F: Thin-section photos of sample in Chapter 3 
• Appendix G: Supporting information from Chapter 4 submission 
• Appendix H: Stress-strain data in Chapter 4 
• Appendix I: Supplemental tables from Chapter 5 publication 
• Appendix J: Scanline data in Chapter 5 
• Appendix K: Supplemental tables from Chapter 6 submission 
• Appendix L: Stress-strain data in Chapter 6 
• Appendix M: Ultrasound data in Chapter 6 
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